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1I. Bacterial sporulation constitutes a last resort survival strategy against starvation
Microorganisms are able to rapidly adapt to unfavorable conditions, such as 
nutrient depletion or competition, in their ever-changing environments via 
an array of survival strategies that include utilization of different nutrient 
sources, scavenging enzyme secretion, production of antimicrobials, mobil-
ity, genetic competence, cannibalism or biofilm formation (1–3). One, last 
resort, survival strategy is sporulation, exhibited by certain Gram-positive 
bacteria from the Bacilli and Clostridia classes in response to starvation and 
high cell densities. Sporulation leads to the formation of a metabolically 
dormant, resilient cell type, named endospore (or spore). Bacterial spores 
can survive for an extended time, possibly even millions of years (4), without 
nutrients and are resistant to severe environmental stresses including high 
and low temperatures, ionizing radiation and desiccation (5–7). This unique 
resistance makes spores one of the sturdiest known forms of life, capable of 
withstanding extreme terrestrial environments, outer space conditions or 
food sterilization treatments (8, 9). Despite metabolic inactivity, spores are 
able to monitor the surrounding environment. When exposed to specific 
nutrient and non-nutrient stimuli (germinants), they can resume vegetative 
growth via the process of germination (characterized by rehydration, loss of 
resistance and metabolic activity restoration) and outgrowth (10–13).
Sporulation has been described in great detail for the ubiquitous soil bac-
terium and model laboratory organism Bacillus subtilis (14–16). This complex 
process takes approximately seven to eight hours and is divided into several 
stages (Figure 1) (16–18). The morphological differentiation begins with an 
asymmetric cell division close to one of the cell poles that creates two dif-
ferently-sized compartments, a smaller forespore and a larger mother-cell. 
Modified DNA segregation to these two compartments, during which chro-
mosomes form a so-called axial filament, marks stage I of sporulation, while 
completion of the asymmetric cell division occurs at stage II. After stage II, 
the sporulation process becomes irreversible with neither compartment ca-
pable of restoring vegetative growth (19). During stage III, the forespore 
becomes enclosed by the mother-cell in the engulfment process. As a result, 
the engulfed forespore is surrounded by the two cell membranes, inner and 
outer. Subsequently, the primary germ cell wall and the spore cortex made 
of peptidoglycan are formed (stage IV) and the proteinaceous protective 
coat is assembled (stage V). Ultimately, the forespore develops full resis-
tance during maturation (stage VI) and the mother-cell lyses, releasing the 
mature dehydrated spore into the environment (stage VII) (16, 18).
In a pre-divisional cell that enters sporulation, gene expression is reg-













and σH, respectively, as well as by the Spo0A transcriptional regulator. Af-
ter asymmetric division, gene transcription becomes compartmentalized 
(with an exception of eight genes that are expressed in both compart-
ments). Two hierarchical, parallel but inter-connected gene expression pro-
grams governed by the compartment-specific σ factors and auxiliary tran-
scriptional regulators are being established (Figure 1): i) σF→RsfA in the 
forespore after polar cell division and before engulfment; ii) σE→GerR and 
SpoIIID/σK→GerE in the mother-cell after polar cell division and before 
engulfment; iii) σG→SpoVT and YlyA in the forespore after engulfment; iv) 
σK→GerE in the mother-cell after engulfment. Various mechanisms, includ-
ing a SpoIIQ-SpoIIIAH channel connecting compartments, enable commu-
nication and synchronization between the compartments of a sporulating 
cell (for details see below) (15, 18, 20, 21).
I.1.  Sporulation initiation is controlled by Spo0A and the 
phosphorelay
Various environmental signals, especially nutrient limitation and high cell 
densities, can trigger cells to enter the sporulation process. Sporulation is 
very time- and energy-consuming and after stage II becomes unidirectional 
(19). Therefore, spore formation is considered a last resort response of a 
cell to adverse environmental conditions and its initiation is tightly regu-
lated through various feed-forward and feedback loops. In contrast, other 
survival strategies such as motility, cannibalism or biofilm formation are 
triggered more promptly (2, 22, 23).
In B. subtilis, initiation of spore formation is governed by the transcrip-
tional regulator Spo0A, which is activated by phosphorylation of the aspar-
tic acid residue in the N-terminal regulatory domain (24, 25). Phosphor-
ylated Spo0A (Spo0A~P) subsequently dimerizes and binds specific DNA 
sequences (Spo0A-boxes), thereby activating or repressing gene transcrip-
tion (26, 27). Hundreds of genes involved in sporulation but also in canni-
balism and biofilm formation are regulated by Spo0A~P, with approximately 
121 genes being under its direct control (26, 28–31). Various Spo0A-boxes 
bind Spo0A~P with different affinities, and thus the cellular concentration 
of Spo0A~P determines which groups of genes are being up- and down-reg-
ulated (2, 23, 29). In general, the gene expression lines that trigger canni-
balistic behavior, sliding and biofilm formation are activated at the lower 
threshold levels of Spo0A~P, whereas a higher Spo0A~P threshold concen-
tration is required for induction of sporulation (22, 26, 29–32).
Activation of Spo0A is precisely controlled by a multicomponent ‘phos-
phorelay’ system that consists of five auto-phosphorylating histidine ki-
nases (KinA-KinE), two phosphotransferases, i.e., Spo0F and Spo0B, and 
several phosphatases and kinase-inhibitory proteins (24, 33). In response 
to diverse environmental signals, the histidine kinases are activated by au-
tophosphorylation. Afterwards, the phosphoryl group is transferred from 
the kinases to Spo0A either directly (in the case of KinC and KinD) or in-
directly via the two intermediate phosphotransferases (in the case of KinA 
and KinB), thereby activating Spo0A (24).
Phosphorylation of Spo0A is antagonized by an action of the kinase 
inhibitors and phosphatases. For instance, during chromosome replica-
tion the Sda kinase inhibitor blocks autophosphorylation of KinA, pre-
venting initiation of sporulation (34) until Sda is degraded by the ClpXP 
protease (35). Another antikinase KipI, which in turn in negatively reg-
ulated by KipA, stops activation of the KinA kinase when easily acces-
sible carbon and nitrogen sources are present (36, 37). In comparison, 
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Figure 1. Sporulation cycle of B. subtilis that includes vegetative growth (0), seven stages 
of sporulation (I-VII) and revival of vegetative growth via germination and outgrowth. 
Sporulation can be initiated in response to starvation and spore germination is induced by 
exposure to various germination triggers (germinants). The σ factors and (auxiliary) tran-
scriptional regulators that control gene expression during sporulation are indicated. Abbre-












1Spo0E-like (Spo0E, YisI and YnzD) families dephosphorylate the Spo0F~P or Spo0A~P proteins, respectively (38, 39). The activity of the Rap phos-
phatases is regulated in a quorum- sensing-like manner by the extracellular 
Phr pentapeptides, which can be imported from the environment back to 
the cell by the oligopeptide permease Opp (40, 41).
Additional control over the onset of sporulation is provided by a sys-
tem of feedback loops that affect both expression of the spo0A gene and 
phosphorylation of the Spo0A protein. One such mechanism relies on the 
ability of Spo0A~P to directly activate transcription of its own gene (42). 
Additionally, Spo0A~P indirectly increases its own expression by inhibiting 
production of the AbrB transition state transcriptional regulator (43–45). 
Repression of AbrB releases production of the σH stationary phase sigma 
factor and phosphorelay components, thereby boosting both production 
and phosphorylation of Spo0A (46–48). Sufficient levels of Spo0A~P to-
gether with the activity of σH drive gene expression towards the first mor-
phological hallmarks of sporulation, i.e., formation of the axial filament and 
an asymmetric septation.
I.2. Asymmetric cell division and chromosome 
segregation
During sporulation, a septation site is moved from the central position, typ-
ical for vegetative growth, to the distal site of the cell. The switch to polar 
division is mediated by the SpoIIE sporulation protein that redeploys the 
FtsZ division ring protein from the center of the cell to its polar regions, out 
of which one becomes a future cell division site (49). 
Asymmetric cell division requires an adaptation in the DNA segregation 
mechanism to enable transfer of one of the chromosomes into the distally 
located forespore. Via the interaction between the chromosome-anchoring 
RacA protein (50, 51) and the cell division initiation DivIVA protein (52–54), 
the oriC regions of the two chromosomes shift into the direction of the 
poles, leading to elongation of the sister chromosomes and formation of 
the axial filament (Figure 1) (55, 56). Subsequently, the polar division traps 
the origin-proximal one-third of the chromosome in the newly formed fore-
spore compartment and leaves one entire chromosome and the remaining 
two-thirds of another one in the mother-cell (56). This causes the tempo-
rary genetic asymmetry between two compartments (56, 57). The left-over 
~70% of the chromosome is later transferred into the forespore by the DNA 
translocase SpoIIIE (58–62).
I.3. Commitment to sporulation and activation of the 
first set of compartment-specific sporulation σ 
factors, σF and σE
Completion of the asymmetric cell division is coupled with the activation of 
the early sporulation, compartment-specific σ factors, σF in the forespore 
and σE in the mother-cell and establishment on the two parallel gene ex-
pression programs in the two compartments of the sporulating cell. From 
this moment the cell becomes committed to sporulation and the process 
turns irreversible (19, 63).
Both σF and σE are produced in the cell before septation under the con-
trol of Spo0A and are maintained inactive until the asymmetric division is 
completed (64, 65). The σF activity is blocked by binding of the anti-σ fac-
tor  SpoIIAB (66). After the septum formation, the FtsZ-interacting protein 
SpoIIE that functions also as a phosphatase gets enriched in the forespore 
(57, 67), where it dephosphorylates and thus activates the anti-anti-σ fac-
tor SpoIIAA (68). Dephosphorylated, active SpoIIAA consequently liberates 
σF from the anti-σ factor SpoIIAB. This forespore-specific activation of σF is 
supported by the genetic asymmetry that occurs between the compartments 
before the translocation of the remaining 70% of the chromosome (57, 69).
σF directly triggers transcription of around 60 genes (20, 70, 71), many of 
which are involved in further spatial and temporal regulation of sporulation 
gene expression, in engulfment (see below) or in spore resistance [e.g., katX (72)] 
and germination [gerA and gpr (73, 74)]. Transcription of the σF regulon genes 
is fine-tuned by the action of a secondary (positive and negative) transcrip-
tional regulator RsfA, which itself is produced in a σF-dependent manner (75).
The first mother-cell σ factor σE is synthesized as an inactive pro-σE pre-
cursor, which after asymmetric division is activated exclusively in the mother- 
cell by the cleavage by the integral membrane protease SpoIIGA (76, 77). 
Prior to processing of pro-σE, SpoIIGA needs to become active upon an in-
teraction with the signal molecule SpoIIR, which is produced in the forespore 
under the σF control and exported to the intermembrane space between the 
two cellular compartments (78). Activation of SpoIIGA by SpoIIR depends on 
de novo fatty acid synthesis, which takes place solely in the mother-cell (78). 
This dependency may serve as a mechanism that limits σE activation to the 
mother-cell compartment (79).
The σE factor controls the highest number (154-253, according to various 
studies) of compartmentally expressed sporulation genes (70, 80, 81). Two 
of them, spoIIID and gerR (ylbO), encode secondary transcriptional regula-
tors that tune up transcription of σE-activated genes (82). SpoIIID positively 
and negatively modulates expression of over half of the σE regulon mem-












1genes (70, 82). The σE regulon contains genes important for the engulfment process (spoIID, spoIIM, and spoIIP), spore coat assembly (cotE, spoIVA, spo-
VID and safA encoding spore coat morphogenetic proteins), cortex synthe-
sis (spoVE, spoVD, dacB, spoVR, spmAB and murF) and mother-cell metabo-
lism (e.g., acdA, yodR, ywqF or gln, ywcA encoding enzymes and transporters, 
respectively) (70).
I.4. Engulfment
Proteins synthesized in the forespore and in the mother-cell under the con-
trol of σF and σE, respectively, are required for the engulfment process during 
which the forespore becomes internalized by the mother-cell. The complex 
of three mother-cell-produced SpoIID, SpoIIM and SpoIIP proteins, inter-
acting with septum-bound SpoIIB, mediates partial degradation of peptido-
glycan in the septum and facilitates migration of the engulfing membranes 
(83–86). The membrane movement is further supported by the interaction 
across the intermembrane space between forespore-produced SpoIIQ and 
mother-cell-produced SpoIIIAH (87, 88). Finally, the membrane scission, 
dependent on the DNA translocase SpoIIE and mother-cell- specific FisB 
(88–90), encloses the forespore, surrounded by the two (inner and outer) 
membranes, inside the mother-cell (84).
I.5. Activation of the late σ factors σG and σK
The sigG gene encoding the late forespore σ factor σG is expressed solely 
in the forespore compartment under the initial transcriptional control of 
σF and subsequently from the alternative σG-dependent promoter (91, 92). 
The σG factor becomes active only after the completion of engulfment in a 
not fully understood process that requires a channel formed by the mother- 
cell SpoIIIAA-SpoIIIAH proteins and the forespore-produced SpoIIQ (93, 
94). After engulfment, the forespore metabolic capacity decreases and thus 
the SpoIIIA-SpoIIQ channel connecting the two compartments functions as 
a feeding tube, which transports small molecules from the mother-cell to 
the forespore (94, 95). The activation of σG seems to rely on the substance 
influx from the mother-cell (94, 95) and is possibly influenced by the com-
pletion of chromosome translocation at the end of engulfment (96).
The σG regulon consists of over 100 genes (20, 70) that play a role in 
spore germination (gerA, gerB, gerK, gerD and sleB) and resistance through 
the synthesis of the cortex peptidoglycan (cwlD and pda), uptake of dipi-
colinic acid (pyridine-2,6-dicarboxylic acid, DPA) from the mother-cell to 
the forespore (spoVAA-F) and protection of spore DNA (splB, yqfS and ssp 
genes) (18, 20). Transcription of the σG regulon is modulated by the second-
ary transcriptional regulators SpoVT (20, 97) and YlyA (21).
The last sporulation-specific σ factor σK is transcribed only in the mother- 
cell by the σE-dependent RNA polymerase (98). The sigK gene is split into 
two parts by the skin (sigK intervening) element that must be removed be-
fore expression of the gene by the SpoIVCA DNA recombinase (99). The σK 
protein is synthesized as an inactive precursor that becomes activated only 
after the completion of engulfment and activation of σG in the forespore. 
Pro-σK is cleaved by the intermembrane metalloprotease SpoIVFB (100, 
101), which is initially kept inactive by the mother-cell membrane proteins 
SpoIVFA and BofA (102–104). SpoIVFB is released from this inhibition by 
the SpoIVB protease, which is synthesized in a σG-dependent manner in the 
forespore and secreted into the intermembrane space (105). The regulation 
of σK activity is further fine-tuned by the actions of the other forespore pro-
teins—BofC and CtpB (105–107).
Similarly as in the case of σG, σK directly turns on transcription of over 
100 genes (70, 82). Some of them are involved in the formation and mat-
uration of the spore coat (multiple cot genes, tgl) and the outermost crust 
(cgeAB and cgeCDE), while others participate in the lysis of the mother-cell 
(cwlC, cwlH) upon completion of sporulation. Additionally, σK switches on 
production of the accessory activator and repressor GerE that fine-tunes 
the expression of the σK regulon (82).
I.6. Assembly of the spore cortex and coat
During sporulation, the forespore becomes surrounded by two protective 
shells: the outermost coat, which contains approximately seventy differ-
ent proteins, and the peptidoglycan cortex located below the outer spore 
membrane (108, 109, 110). The coat consists of four different layers whose 
assembly relies on specific major morphogenetic proteins: SpoIVA, SafA 
and CotE in case of the coat basement layer, inner coat and outer coat, 
respectively and CotZ and CotY in case of the crust. Initially, the coat el-
ements are produced in the mother-cell and are targeted to the surface 
of the forespore in a process dependent on the SpoIVA and SpoVM mor-
phogenetic proteins. A 26-amino-acid ‘sprotein’, SpoVM recognizes the fo-
respore’s positive membrane curvature and binds SpoIVA, which in turn 
forms a scaffold for deposition of all other coat proteins (53). During the 
subsequent step, spore encasement, which depends on the SpoVID protein 
and the SpoIIIAH-SpoIIQ feeding tube complex, coat proteins entirely sur-












1Peptidoglycan of the cortex layers is produced in a similar fashion as pep-tidoglycan of vegetative cells. Its precursors are synthesized and modified 
in the mother-cell by the Mur proteins, production of which is upregulated 
during sporulation by the σK factor (111). The modified peptidoglycan pre-
cursors are translocated into the intermembrane space between the inner 
(IM) and outer membrane (OM) of the forespore, with a possible involve-
ment of the SpoVE and SpoVB proteins (111, 112). In comparison to the 
vegetative cell wall, cortex peptidoglycan has a lower level of cross-linking 
and contains muramic lactam. These changed are introduced by low molec-
ular weight PBPs (113), the CwlD N-acetylmuramoyl-L-alanine amidase and 
the PdaA N-acetylmuramic acid deacetylase (114). In contrast to the cortex, 
the other peptidoglycan spore structure, the germ cell wall, which consti-
tutes a thin layer between the cortex and the inner forespore membrane, is 
structurally similar to peptidoglycan of the vegetative cell wall.
Formation of the cortex is linked with the spore coat assembly and like-
wise depends on the presence of the SpoIVA and SpoVM coat morphoge-
netic proteins (115, 116). The CmpA potein seems to prevent the cortex 
development before the coat assembly is initiated, thereby coordinating 
these two processes (117).
II. Spore structure shapes its resistance and 
germination properties
The B. subtilis spore has a complex structure that facilitates its dormancy and 
resistance to environmental stresses (Figure 2A). The chromosomal DNA and 
most of the enzymes are present in the innermost spore structure, the core. 
The spore core displays a number of features that protect these molecules 
against heat, radiation, desiccation, chemicals and other damaging factors. 
Most important of them are a strongly decreased water content (~25-50% 
of wet weight), a high level of dipicolinic acid (DPA) chelated with Ca²⁺ ions 
(Ca-DPA) and the presence of multiple small acid-soluble proteins (SASPs). 
Core dehydration is essential for overall spore wet-heat resistance (6, 118). 
Additionally, it presumably reduces the molecular mobility of proteins in 
the core, increasing their thermal stabilities (6, 118–120). Dehydration is 
dependent on the cortex structure and on the SpmA, SpmB and DacB pro-
teins, which are synthesized in the mother-cell under the control of σE (121, 
122). In comparison, DPA, a small polar molecule, is crucial for spore stability 
and dormancy as well as for resistance to heat, desiccation and protection 
of the spore’s DNA (6, 123, 124). DPA is synthesized in a mother-cell by the 
dipicolinate synthase encoded by the σK-dependent spoVF operon (125). 
Subsequently, it is transferred into the forespore core by the products of 
the σG- activated heptacistronic spoVA operon that potentially build a mech-
anosensitive channel in the forespore IM (with SpoVAC as a probable main 
channel component and SpoVAD having a DPA- binding ability) (126, 127). 
Spores of certain B. subtilis strains contain an additional spoVA²mob operon 
(in 1-3 copies), which encodes three SpoVA homologs (namely, SpoVAC²mob, 
SpoVAD²mob and  SpoVAEB²mob) and four proteins of unknown functions and 
which increases spore wet-heat resistance and potentially causes higher 
core DPA content (128)(Chapter 4 and 5). Finally, short (~60-75 amino- 
acids),  forespore-produced, strongly conserved small acid-soluble proteins 
(SASPs) protect DNA of the spore by saturating it and keeping in a compact 
state (6, 118, 129).
The core is surrounded directly by the spore inner membrane (IM). IM 
functions as a relatively impermeable barrier against biocidal chemicals, 
thereby protecting the core, which contains the spore’s genetic material 
(6, 118, 130). The unique, largely immobile state of the spore IM lipids cor-
responds with the IM high viscosity and low passive permeability to small 
molecules (131), while the presence of cardiolipin might additionally pro-
vide protection against hydrogen peroxide (132). The IM comprises integral 
membrane proteins with transmembrane (TM) helices, lipoproteins with 
fatty acid anchors and membrane-associated proteins. Part of the IM pro-
teome plays a role in spore resistance (e.g., DNA repair, protection against 
oxidative and electrophile stress) and germination (133). Products of the 
spoVA²mob operon present in certain B. subtilis strains may alter the spore IM 
properties leading to an increase in the spore heat resistance and decrease 
in germination rates (128) (Chapters 4 and 5).
There is no evidence that the three subsequent spore layers: germ cell 
wall, cortex and outer spore membrane (OM) play an active role in spore 
resistance. The germ cell wall participates in the spore’s exit from dormancy 
as, after spore germination and outgrowth, it becomes the cell wall of a new 
cell. The proper cortex assembly is, in turn, crucial for the development of 
a dormant spore and for dehydration of the spore core (6, 118, 134). Al-
though the outer membrane plays a role in the spore formation, it might 
lose its integrity in dormant spores (6, 118, 134).
The outermost structure of a B. subtilis spore, the coat, comprises a 
 majority of the spore proteome. It functions as a barrier impermeable to 
the large molecules such as lysozyme and other peptidoglycan-degrading 
enzymes (135, 136) and provides protection against chemicals, especially 













III. Spore revival consists of germination and 
outgrowth
In response to various triggers (germinants), spores can resume vegetative 
growth through the processes of germination and outgrowth (Figure 2B-C 
and Figure 3). During germination, a spore undergoes structural changes 
that cause loss of its unique metabolic dormancy, resistance and imper-
meability. During outgrowth, the degradative processes are completed and 
anabolic ones take over as exemplified by initiation of RNA and protein 
synthesis, finally leading to a transition of a germinated spore into a grow-
ing cell. Some researchers divide the process of outgrowth into two stages: 
a ripening phase during which a germinated spore undergoes a molecular 
reorganization (including rRNA synthesis and protein degradation and as-
sembly) but no morphological changes are observed; and bona fide out-
growth, which is characterized by the elongation of a new cell (11, 137, 
138). However, in this work, we will maintain a traditional division of the 
spore revival into germination and outgrowth.
III.1. Nutrients constitute a common trigger for revival of 
Bacillus spores in nature
In nature, germination of Bacillus spores typically occurs in the presence 
of specific nutrients such as amino acids, sugars and purine nucleosides 
( Figure 2B-C and Figure 3). Germinants need to pass through the outer 
spore structures to the spore inner membrane. This is facilitated by the 
coat GerPA-GerPF proteins, encoded in the hexacistonic gerP operon, that 
increase permeability of the spore coat to nutrients (139–141). Subse-
quently, in the spore IM, nutrients interact with specific nutrient germinant 
receptor complexes (Ger receptors, GRs) (142–144) that are usually com-
posed of three or four subunits: A, B, C and D. In B. subtilis three-subunit 
GRs are predominantly encoded in the tricistronic ger operons. If present, 
a gene coding for subunit D can be located within the same (tetracistronic) 
operon or adjacently to it (12, 145). GR genes can be organized differently 
in other species (12). 
Subunit A is an integral IM protein that consists of two hydrophilic do-
mains at N- and C-termini and a central part with five to six predicted trans-
membrane (TM) helices (145, 146). Similarly, subunit B constitutes an inte-
gral membrane protein with ten to twelve TM helices (145). A small sequence 
homology is found between some GR B proteins and a class of bacterial 
amino acid transporters, acid/polyamine/organocation (APC) superfamily 
permeases (147). The B subunit might be involved in nutrient binding as 
certain amino acids in an outer loop between TM9 and 10 and within TM6 
of the GerVB protein from Bacillus megaterium have been shown particularly 
important for the affinity and germinant specificity of this GR (148–151). 
Subunit C is a predominantly hydrophilic lipoprotein with a single TM seg-
ment on its N-terminus that likely functions as a signal peptide and is cut 
off during the C protein processing (12). Additionally, first 30 residues of 
C subunits contain a lipobox sequence (GCX), with a cysteine residue that 
becomes diacylglycerylated by the Lgt (GerF) prelipoprotein diacylglycerol 
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Figure 2. Schematic B. subtilis spore structure (A), with indicated main germination- 
related proteins and a topology of the four A-D germinant receptor subunits (B), and 
a schematic representation of the spore revival in response to nutrient germinants (C). 
Spore revival involves a commitment step, two stages of germination (Stage I and II) and 
outgrowth and can be preceded by an optional heat-activation (HA) treatment, which 
supposedly acts on the spore inner membrane (IM) or germinant receptors (GRs). Abbre-
viations: A-, B-, C-, D-sub – germinant receptor subunits A, B, C, D, respectively; DPA 
– dipicolinic acid; ΔTrelease – time period required for DPA release; GCW – germ cell wall; 
GR(s) – germinant receptor(s); IM – spore inner membrane; IN – inside the spore core; 
OM – spore outer membrane; OUT – outside the spore core; SASPs – small acid soluble 












1the outer surface of the spore IM (153). Interestingly, Lgt seems unessential for the function of the C subunit of the GerK GR of B. subtilis (148). If pres-
ent, the small (~50–80 amino acids) subunit D, which consists of two TM 
helices, likely modulates the function of the respective GR (154, 155).
Spores typically comprise multiple GRs, which vary in their specificities 
for germinants. A number of GRs and their nutrient specificities differ be-
tween individual Bacillus species and strains. In the model laboratory strain, 
B. subtilis 168, three functional germinant receptors: GerA, GerB and GerK 
are present (142). GerA senses single amino acids: L-alanine or L-valine 
and its activity is competitively inhibited by D-alanine (156, 157). GerB 
and GerK cooperatively respond to a mixture of L-asparagine, D-glucose, 
D-fructose and potassium ions (AGFK), with GerB interacting predomi-
nantly with L-asparagine and GerK with sugars. Neither GerB nor GerK can 
initiate germination on its own (12, 13). Additionally, B. subtilis 168 has two 
GR operons yndDEF and yfkQRTS that are seemingly inactive and poorly 
expressed (142). Certain B. subtilis strains contain also the incomplete gerX 
operon that encodes two truncated and likely non-functional GR subunits 
GerXA and GerXC (128)(Chapters 4 and 5).
GRs, together with another protein, GerD, form one or two discrete ger-
mination clusters (germinosomes) in the spore IM (158). This clustering po-
tentially facilitates cooperativity and synergism between different types of 
GRs (157–159). GerD is both required for the germinosome assembly (158) 
and for efficient nutrient-induced germination via all GR types (160). This 
small lipoprotein, conserved among bacilli (13), is attached to the outer IM 
surface by a lipid anchor added by the Lgt (GerF) diacylglycerol transferase 
(161). GerD probably functions as an oligomer (trimer) as suggested by the 
crystallographic and genetic data (162). The GerD trimer adhered to the 
spore IM could serve as a scaffold for binding of other germination proteins, 
thereby supporting the germinosome (162).
After a long enough incubation with nutrients at appropriately high con-
centrations, spores become committed to germination (Figure 2C). Upon 
commitment, germination becomes irreversible and will continue even if 
germinants are removed or their binding to GRs is inhibited (163). At ap-
proximately the same time when commitment occurs (although it is unclear 
whether there is a causative relation between these two events), monova-
lent cations, Na+, K+ and H+ are released from spores via an unknown mech-
anism (156). The H+ efflux leads to an increase in the spore core pH from 
around 6 (164) to approximately 8 (156).
Soon after commitment and monovalent cation release, a large depot of 
Ca-DPA is removed from the spore core (156). The time between an addi-
tion of germinant and initiation of the Ca-DPA efflux is defined as Tlag (Fig-
ure 2C) and can vary strongly between single spores in a population (see 
below). In contrast, the actual time (called ΔT release, Figure 2C) within which 
over 90% of Ca-DPA exits the spore is short (~2 minutes) and relatively in-
variable among individual spores (156).
Ca-DPA is transported through the spore IM by the mechanosensitive 
SpoVA channel, which is also involved in a DPA transfer from the mother- cell 
to the forespore during sporulation (see above) (126, 127). Five of the prod-
ucts of the heptacistronic spoVAA-AF operon: SpoVAA, SpoVAB,  SpoVAC, 
SpoVAEb, and SpoVAF are predicted to be integral membrane proteins, 
whereas SpoVAD that contains both a hydrophilic part and predicted TM 
helices and hydrophilic SpoVAEa with no TM domains localize on the outer 
surface of the IM (165–167). A recent study has further confirmed the pres-
ence of SpoVAA, SpoVAC, SpoVAD, SpoVAEa and SpoVAF in the spore IM 
proteome (133). Although the exact roles of each of the SpoVA proteins in 
spore germination are unknown, SpoVAC seems to be a major component of 
the IM mechanosensitive channel (127) while SpoVAD has an ability to bind 
both DPA and Ca-DPA (126). Moreover, loss of SpoVAF or SpoVAEa and 
SpoVAF causes slower spore germination with GR- dependent germinants 
(167). Recently, it has been hypothesized that products of the  spoVA²mob op-
eron (four proteins of unknown functions and SpoVAC²mob, SpoVAD²mob and 
SpoVAEB²mob) present in some B. subtilis strains could decrease spore ger-
mination rates due to interference or competition with the “regular” SpoVA 
proteins (Chapter 4 and 5). Interestingly, also one of the cortex lytic en-
zymes, CwlJ (see below) seems to play a role in rapid Ca-DPA release during 
germination of B. megaterium and B. subtilis , even though there are no signs 
of cortex hydrolysis during this stage of germination (168, 169).
It remains unclear how sensing germinants by GRs triggers a release 
of monovalent cations and of Ca-DPA. Plausibly, activated GRs generate 
a signal that is transduced to the downstream germination effectors, es-
pecially the SpoVA proteins. The GerD lipoprotein, essential for the ger-
minosome assembly, seems a plausible candidate involved in the signal 
transmission between the all inner membrane-localized GR complexes and 
the SpoVA proteins (162).
Released Ca-DPA is replaced by water, which is taken up to the spore 
core in an unknown manner, thereby slightly increasing the core water con-
tent (from ~35% in dormant spores to 45%). Additionally, their wet heat 
resistance is somewhat decreased, but nowhere near the low heat resis-
tance level of completely germinated spores. Completion of Ca-DPA re-
lease,  accompanying water uptake and partial loss of spore heat resistance 
mark an end of Stage I of germination (Figure 2C) (156).
The changes of Stage I initiate Stage II (Fig. 3) that finalizes the spore 
germination process (Figure 2C). During Stage II, the cortex is degraded by 












1recognize peptidoglycan that contains muramic acid-δ-lactam. This spec-ificity prevents degradation of the second peptidoglycan spore structure, 
the germ cell wall (13, 156). Both enzymes probably function as lytic trans-
glycosylases. The SleB protein, whose partial structure has been solved 
(170), consists of an N-terminal PG-binding domain and a C- terminal cat-
alytic domain (171). CwlJ exhibits a significant sequence similarity to SleB, 
including the presence of a conserved catalytic glutamate residue, and thus 
the two CLEs are likely structurally and functionally related (170). SleB is 
localized on the outer surface of the spore IM (166), while CwlJ resides on 
the outer edge of the cortex (172, 173) and in the inner coat (170). Two 
other proteins, YpeB and GerQ (YwdL) are essential for the proper local-
ization and/or function of SleB and CwlJ, respectively. Some species con-
tain two copies of CwlJ (Bacillus anthracis) (174) or of both CwlJ and GerQ 
( Bacillus thermoamylovorans) (Chapter 6) (175).
Although germination has been thought to occur without the need for 
macromolecular synthesis (10, 156), this notion is currently under discus-
sion (11, 176). The study by Sinai and colleagues (11) has indicated the 
occurrence of de novo synthesis of 27-116 (depending on the germinant) 
proteins during germination of B. subtilis spores, including proteins involved 
in glycolysis, malate utilization, oxidative stress response and translation 
(chaperones, translational factors, ribosomal proteins). Deletion of genes 
for two of these proteins: a ribosome-associated chaperone, Tig and a com-
ponent of the ribosomal 50S subunit, RpmE has been shown to stall germi-
nation at the stage of cortex hydrolysis during Stage II of germination (11). 
However, these findings have been recently challenged (176).
After completion of germination, a germinated spore undergoes tran-
sition into a vegetative cell through the process of spore outgrowth (Fig-
ure 2C). An outgrowing spore rapidly initiates metabolism with the use of 
resources stored during its dormancy such as amino acids, ribosomes and 
energy sources (11). Degradation of SASPs, which protect DNA of dormant 
spores, by the Gpr and YmfB proteases provides single amino acids for pro-
tein synthesis and frees the spore DNA for transcription and future replica-
tion (74, 177). 23 transcripts from the σG regulon present in dormant spores 
are also degraded, likely serving as an initial source of nucleotides for de 
novo RNA synthesis (11, 178). Furthermore, a depot of 3-phosphoglycerate, 
which can be converted to ATP, and malate, the preferred carbon source of 
B. subtilis, are used to energize the initial steps of the spore revival (11, 178). 
Afterwards, the outgrowing spore starts using extracellular nutrients (178). 
In the later stage of outgrowth, the oval, somewhat larger spore prepares 
for DNA replication and segregation, cell wall and cell membrane expansion 
and cell division, which marks the completion of spore revival into a growing 
vegetative cell (11, 178).
Gene expression and protein synthesis of the outgrowing spore are 
highly dynamic, with 27% of all genes of B. subtilis being overexpressed 
and 653 proteins produced (11, 178). Additionally, as discovered recently, 
extensive phosphorylation of proteins involved in transcription, translation, 
carbon metabolism and some spore-specific functions (e.g., SASP-related 
processes) could guide rapid re-acquisition of metabolism and protein ac-
tivity during spore revival (138).
III.2. Various non-nutrient germinants can be applied to 
induce germination of Bacillus spores
Germination of Bacillus spores can also be induced by non-nutrient agents 
(non-nutrient germinants), including exogenous Ca-DPA (179); dodecyl-
amine (180); high hydrostatic pressure (181, 182); lysozyme and other pep-
tidoglycan hydrolases in case of spores with a damaged or missing coat 









































Figure 3. Overview of nutrient and non-nutrient germination triggers (indicated in black) 
and proteins/germination events involved in the specific germination pathways in B. sub-
tilis (indicated in gray). Abbreviations: AGFK – L-asparagine, D-glucose, D-fructose, K+ mix 
of co-germinants; DPA – dipicolinic acid; GRs – germinant receptors; G-some – germino-
some; IM – spore inner membrane; L-Ala – L- alanine; L-Val – L-valine; mHP – moderately 
high pressure; vHP – very high pressure; ? – not fully understood/unknown mechanism of 












1cell peptidoglycan from closely related species (184) (Figure 3). Various non-nutrient germinants induce spore germination via many distinct mech-
anisms that act on different elements of the spore germination machin-
ery (Figure 3) and that are often relevant only under laboratory conditions. 
Here, we shortly describe a few of non-nutrient germinants that can be 
used to initiate germination of B. subtilis spores.
Dodecylamine. One of the best studied non-nutrient germinants is the 
cationic surfactant dodecylamine that bypasses a need for GRs and CLEs 
and is undisturbed by the removal of the spore coat (180). Dodecylamine 
triggers a release of Ca-DPA through the spore IM by the SpoVA channel 
(127, 183) and additionally leads to an efflux of glutamic acid, arginine and 
possibly other small molecules from the spore (183). In vitro experiments 
has shown that insertion of this cationic surfactant to the membrane ac-
tivates the mechanosensitive channel composed of the SpoVAC protein 
(127). The rates of dodecylamine germination increase with higher expres-
sion of the spoVA operon (183). The process has a specific pH and tem-
perature optimum and can occur at much higher temperatures (at least up 
to 70°C) than nutrient-induced germination (180). Spores germinated with 
dodecylamine release the great majority of their DPA content and (when 
incubated at 37°C but not at 70°C) undergo regular cortex hydrolysis. In 
contrast, subsequent germination events are halted. Expansion of the core 
(swelling of the spore) and water uptake are impaired. Thus, the dodecyl-
amine-germinated spores only reach a partial rehydration state similar to 
the one after completion of Stage I of germination and do not turn com-
pletely phase dark under the phase contrast microscope. Moreover, they 
do not have a detectable metabolism and do not degrade SASPs. Instead, 
soon after the induction of germination, dodecylamine seemingly kills the 
germinated spores. This killing, which coincides with strong changes in the 
spore IM permeability, may be partly responsible for inhibited core swelling 
and lack of metabolism acquisition (180).
Germination with dodecylamine is much weaker for spores prepared on 
solid media than for spores prepared in liquid cultures. This suggests that gen-
eral spore properties, potentially related to the IM, affected by these sporula-
tion conditions, have a huge impact on germination with the cationic surfac-
tant (180). Moreover, spores that are damaged by oxidation and thus exhibit 
strongly elevated passive permeability of the IM, have higher rates of Ca-DPA 
release upon exposure to dodecylamine than normal dormant spores (180). 
In contrast, spores that contain the spoVA²mob operon have strongly decreased 
rates of Ca-DPA release when incubated with dodecylamine (Chapter 4).
Exogenous Ca-DPA. Another extensively studied germination trigger is 
exogenous Ca-DPA. When present at relatively high concentrations (tens 
of mM), Ca-DPA activates the cortex lytic enzyme CwlJ and thereby directly 
triggers the process of cortex hydrolysis (185). In contrast to dodecyl-
amine-treated spores, Ca-DPA-germinated spores are able to reinitiate me-
tabolism and grow out into vegetative cells. However, the presence of DPA 
at high concentrations may prevent outgrowth (186) and thus dilution of 
the germinated spores in fresh liquid media or inoculation on solid media 
without DPA (Chapter 6) may be necessary for completion of spore revival. 
Ca-DPA-induced germination bypasses requirements for GRs, GerD and 
the SpoVA channel, but requires products of the cwlJ and gerQ genes (185, 
187). The higher copy number of these two genes, found in certain species 
and strains, may increase responses of their spores to Ca-DPA (Chapter 6). 
Decoating of spores and spore coat defects that result in low levels of CwlJ 
eliminate spore germination with Ca-DPA (185, 188). Interestingly, the 
GerP proteins seem to play a role in the coat permeability to exogenous Ca-
DPA as the gerP deletion causes defects in this germination pathway (141). 
As high concentrations of Ca-DPA are rarely found in the environment, this 
germination route is likely irrelevant in nature.
Lysozyme. Lysozyme acts at the level of Ca-DPA release and cortex hy-
drolysis during germination of spores with damaged or removed coats (183). 
As the spore coat constitutes an impermeable barrier for peptidoglycan hy-
drolyzes, impairment of this layer is necessary to enable lysozyme penetra-
tion to the spore cortex and IM (183). Lysozyme-induced germination of 
decoated spores does not require GRs and CLEs but partially depends on 
the SpoVA proteins (189, 190). However, this SpoVA dependency is much 
lower than in the case of dodecylamine germination, suggesting the pres-
ence of a second, SpoVA-independent mechanism of Ca-DPA release during 
lysozyme-induced spore germination. Since lysozyme hydrolyzes both the 
cortex and germ cell wall, rapid swelling of the spore IM observed upon ex-
posure of spores to this agent may provide an alternative pathway for efflux 
of DPA (183). Degradation of the germ cell wall by lysozyme can additionally 
lead to the osmotic rupture of the germinated spore (13). Thus, besides in-
duction of spore germination, lysozyme at high concentrations can lead to a 
delay in spore outgrowth as well as lysis of the germinated spore (191, 192). 
High hydrostatic pressure (HP). Germination can also be triggered by 
exposure of spores to high hydrostatic pressure (HP) of many thousands 
of atmospheres. Its induction seems to be maximal at pressures around 
400 MPa. The mechanism by which HP-induced germination occurs de-
pends on the strength of hydrostatic pressure. However, in a certain pres-
sure range both mechanisms may occur simultaneously (181). Generally, 
moderate high pressure (mHP, 50-350 MPa) initiates spore germination by 
activation of GRs, whereas very high pressure (vHP, above 400 MPa) acti-
vates Ca-DPA release by the SpoVA channel. Germination induced by HP 












1nutrients (181). This progression seems to depend on the downstream ger-mination apparatus such as CLEs that are needed for subsequent degrada-
tion of the cortex and rehydration of the core (193). 
The level of GRs is the most important factor determining rates of 
mHP-induced germination. Various GRs react differently to mHP, with GerA 
being much more responsive than GerB and GerK (182). Interestingly, ec-
topic expression of the gerKD gene, encoding the modulatory subunit of 
the GerK GR, has a disproportionally large negative effect on the mHP- 
induced germination (182). Moreover, the GerD lipoprotein (182) and the 
outer membrane protein YkvU with an unknown role in spore germination 
(194) may also play a role in spore responses to mHP.
In contrast to mHP-induced germination, vHP-induced germination oc-
curs via a direct release of Ca-DPA and is influenced by the level of the 
SpoVA proteins but not of GRs or GerD (182, 193, 195). vHP may act either 
directly on the SpoVA proteins or indirectly on the spore IM. Indeed, DPA 
release upon exposure of spores to vHP is strongly inhibited by the pres-
ence of dodecylamine and by the high salinity levels during sporulation, yet 
it has been shown unaffected by the level of unsaturated fatty acids in the 
spore IM, (193). Progression of germination from Stage I to Stage II seems 
to be strongly delayed in spores exposed to vHP, potentially by lowering 
the activities of enzymes involved in further stages of germination such as 
CLEs, SASP proteases or proteins involved in ATP production (181, 196). 
No signs of SASP degradation and ATP synthesis have been observed in 
spores germinated with a pressure of 600 MPa (196), while lower pressure 
levels (below 400 MPa) are more likely to allow for completion of the germi-
nation process (181). HP treatments (especially combined with moderately 
high temperatures) are investigated as a method to destroy spores in the 
food industry (197, 198).
Muropeptides. Muropeptides derived from peptidoglycan of the vegeta-
tive cell wall are another, next to nutrients, germination trigger that appears 
to play an important role in the natural environment of spores. The presence 
of muropeptide fragments, which are released from growing bacteria in large 
quantities, constitutes a sign that the surrounding environment supports mi-
crobial growth. Thus, a small population of spores that initially underwent 
spontaneous germination and successfully restored vegetative growth could 
signal to the remaining dormant spores the presence of favoring conditions. 
The IM-associated Ser/Thr kinase PkrC (Figure 2B) is necessary for this 
germination pathway (184). PkrC is highly conserved and its orthologues are 
present in almost all spore-formers. PrkC contains  peptidoglycan-binding 
PASTA repeats in its extracellular domain that can bind muropeptides in 
a direct and highly specific manner (184, 199, 200). Activation of PrkC by 
muropeptides likely leads to phosphorylation of a downstream target(s) 
required for transduction of the germination signal (184), including the 
translational elongation factor, GTPase EF-G, which is involved in mRNA 
and tRNA translocation (201).
III.3. Heat-activation and “spore memory” facilitate spore 
germination
Germination responses can be reversibly enhanced by a prior exposure of 
spores to a sub-lethal heat treatment (so-called heat-activation, HA) or to 
short pulses of germinants that alone are insufficient to trigger commitment 
to germination (the phenomenon referred to as “spore memory”). Heat- 
activation specifically accelerates nutrient- induced spore germination 
(202), while Ca-DPA- and dodecylamine-induced germination responses 
are unaffected by this treatment (180, 187). In contrast, spore memory pro-
motes germination with both nutrient and non-nutrient (Ca-DPA and do-
decylamine) triggers (203). 
Heat-activation requirements vary between different strains and spe-
cies (Chapter 5), between different germinant receptors of the same spore 
(Chapter 5) (202), between spores of one strain prepared at various con-
ditions and even between individual spores of one population (204). For 
instance, high-level heat resistant spores of certain B. subtilis strains that 
contain a specific spoVA²mob operon require more severe HA conditions 
than low-level heat resistance spores of B. subtilis strains that lack  spoVA²mob 
(Chapter 5). Secondly, among the three functional germinant receptors 
found in B. subtilis, GerA requires the mildest heat-activation treatment, 
while GerK—the most severe (202) (Chapter 5). Moreover, spores produced 
at a higher temperature have increased requirements for HA, potentially 
due to the effect of sporulation temperature on the spore IM properties 
(202). Finally, so-called superdormant (SD) spores, which germinate ex-
tremely slowly or not at all in response to specific germinants, exhibit ele-
vated HA requirements, as exemplified by an increase in germination of SD 
spores of B. subtilis and Bacillus cereus after exposure to a 8-15°C higher 
HA temperature than required for activation of the regular dormant spores 
(204). These findings suggest that HA decreases a threshold level of a ger-
mination signal required for the spore commitment to germination, which 
is presumably higher for the SD spores than for the regular ones (204). Yet, 
the mechanism by which it occurs remains unknown. HA has been pro-
posed to act either directly on the GR complexes or indirectly by altering 
properties of the spore IM, in which most of the spore germination appara-
tus is located (202) (Chapter 5). Still, GR protein conformations, the GerD 












1Spores transiently become more prone to germination after a brief con-tact with a nutrient or non-nutrient germinant that alone is insufficient to 
trigger the germination process, a phenomenon referred to as “spore mem-
ory” (203, 205). Thus, the 2nd pulse of (not necessary the same type of) germi-
nant leads to a significantly higher number of germinated spores in the spore 
population than the 1st pulse. The initial germination pulse also decreases 
the concentration of germinant required for germination initiation during 
the 2nd pulse, thereby enhancing spore sensitivity to low germinant concen-
trations (203). These “memory” effects diminish with longer time intervals 
between the 1st and the 2nd pulse of exposure to a germinant (203, 205). 
The memory can be generated and accessed by different germination 
proteins and pathways including nutrient-, Ca-DPA- and dodecylamine- 
induced germination. The CwlJ lytic enzyme may play a role in generation 
and storage of memory for germination with exogenous Ca-DPA, while 
the memory in nutrient- and dodecylamine-induced germination appears 
to be predominantly stored in the SpoVA channel. In the case of dodecyl-
amine-induced germination, the memory has been abolished by a loss of 
the SpoVAEa and SpoVAF proteins. The mechanistic model for the germi-
nation memory involves a possible conformational change of the SpoVA 
channel from an inactive closed state to a metastable closed state upon 
the first germinant pulse. If the 2nd pulse occurs before the memory of the 
1st vanishes, a metastable state can transition into an open state. If not, the 
channel goes back to the stable closed state. In nutrient-induced spore 
germination, the conformation state of the SpoVA channel proteins may 
be coupled to the conformation change of adjacent GRs in the IM (203).
IV. Heterogeneity and variation in sporulation cycle
IV.1. Monoclonal cell population exhibits heterogeneity in 
spore formation
Initiation of sporulation is heterogeneous. Thus, within an isogenic popula-
tion of B. subtilis grown under identical, sporulation-promoting conditions, 
only a fraction of cells reaches the threshold level of Spo0A~P required for 
the initiation of this energy- and time-consuming developmental program. 
In contrast, a fraction of cells that did not accumulate enough Spo0A~P 
maintains a vegetative state (Figure 4A). This phenotypic bistability results 
from the intrinsic and temporal differences in the activity of phosphorelay, 
and hence in the phosphate availability, between single cells. This variation 
in the phosphorelay phosphate charge is likely caused by the asynchronous 
development of individual cells in the population and by stochastic fac-
tors such as fluctuations in the signal transduction cascade (206). Moreover, 
the epigenetic inheritance mechanism, in which phosphorelay plays a major 
role, seems to be involved in the cell’s decision to sporulate (207).
Time-lapse microscopy studies on B. subtilis cells grown under the spor-
ulation-promoting conditions (Chapter 2) (207) have additionally revealed 
an existence of a lysing subpopulation that stems from both sporulating 
and vegetative cells. The observed lysis may reflect a decreased viabil-
ity/fitness level of a part of the cells, a failure in execution of the sporula-
tion program or/and a form of the programmed cell death. Indeed, the reg-
ulated cell lysis has recently been shown to be involved in a quality control 
process that removes sporulating cells with defects in the spore envelope 
from the population (208).
Heterogeneity in sporulation may increase the chances of survival of a 
cell population in changeable and unpredictable environments, with a frac-
tion of cells able to survive adverse conditions as spores and a fraction of 
cells ready for proliferation in the growth-favoring conditions (207, 209). 
Furthermore, nutrients released from the subpopulation of lysing cells can 
support vegetative growth or progression of sporulation of their siblings.
Various mechanisms such as mutations, differences in the cell microenvi-
ronment, cell age, epigenetic inheritance or stochastic fluctuations in gene 
expression, can cause single-cell heterogeneity in gene expression during 
Sporulation Germination Outgrowth Spore superdormancy
Inter-strain variation in spore germination
Heterogeneity
Food strain 1 Food strain 3Food strain 2
A
B
Figure 4. Phenotypic heterogeneity at a single cell level in the initiation and progress of 
spore formation, spore germination and outgrowth (A) and inter-strain variation in L- 
alanine-induced spore germination between the three foodborne strains of B.  subtilis (B). 












1sporulation. Consequently, this heterogeneous gene expression may cause differences in protein levels between the single spores and can lead to the 
single-spore-level phenotypic variation in the resistance and germination 
(see below) properties of the produced spores.
IV.2. Genetically identical spores show strongly 
heterogeneous germination responses
Spore germination is extremely heterogeneous: within a genetically identi-
cal population some spores complete germination in less than 10 minutes 
after exposure to germinants, while others germinate within hours or days 
(163) or do not respond to certain germination triggers at all (superdormant 
spores, SD) (Figure 4A) (211, 212). Tlag, i.e., the time between the first expo-
sure of spores to germinants and start of rapid Ca-DPA release (Figure 2C), 
and in particular its initial period that precedes commitment constitutes 
the most variable stage of germination (163, 213). In contrast, the time 
period during which a majority of Ca-DPA is released (ΔTrelease, Figure 2C) is 
relatively constant and short (0.5 to 3 minutes at 30 to 37°C for spores of 
B. subtilis, B. megaterium and B. cereus) (214) although it can be significantly 
prolonged in spores with low CwlJ levels (168, 213). Similarly, the rate of 
cortex degradation is relatively invariable and takes only 2 to 3 minutes for 
wild-type spores (168, 214).
In contrast to ΔTrelease, Tlag values can be decreased by: i) heat-activation 
of spores; ii) use of saturating germinant concentrations; and iii) a higher 
number of GRs that recognize a specific germinant (163, 215). These three 
factors potentially act by increasing levels of activated GRs (163). Never-
theless, variation in expression of the ger operons has been excluded as a 
main reason of heterogeneity in spore germination as even spores with the 
same levels of GRs can exhibit different germination behavior (216). Simi-
larly, stochastic differences in expression of genes encoding GerD, CLEs or 
the SpoVA proteins, which are present in spores in high numbers, are un-
likely to result in germination heterogeneity (216). Therefore, the observed 
heterogeneity may stem from the variable expression of another unidenti-
fied germination-related gene or from kinetic parameters of the unknown 
rate-limiting step of spore germination (216).
Superdormant (SD) spores appear to be almost completely irresponsive 
to a specific germination trigger, including nutrients (211, 212), exogenous 
Ca-DPA or dodecylamine (188) (Figure 4A). While superdormant spores re-
spond very poorly to a specific germinant, they germinate much better (al-
though often worse than the regular dormant spores) with germinants that 
activate other GR(s)/germination pathways (217). Yields of superdormant 
spores depend on the germination conditions and are decreased by use of 
higher germinant concentrations or heat-activation. This suggests that SD 
spores might require a stronger signal for germination initiation than typical 
dormant spores (211). Nutrient-SD spores have higher resistance to wet 
heat, a lower core water content and a different environment of DPA in the 
core. Their germination rate can be increased by use of HA temperatures 
that are 8-15°C higher than needed for activation of the regular dormant 
spores (204). Lower levels of GRs have been reported as a major reason of 
spore superdormancy to nutrient germinants (217), however, these findings 
are questioned in a more recent study (218). Superdormancy to Ca-DPA is 
caused by coat defects that lead to low levels of the cortex-lytic enzyme 
CwlJ, while reasons for superdormancy to dodecylamine remain unknown 
(188). Although SD spores comprise only a small percentage of a spore pop-
ulation, they pose a major problem in the food industry, hindering decon-
tamination strategies based on induction of spore germination followed by 
mild killing treatments (212).
In contrast to SD spores that do not germinate in the presence of ger-
minants, a small fraction of spores in a population can germinate sponta-
neously in the absence of any known germination triggers (219). Sponta-
neous germination occurs at a low frequency (~1 in 10⁴) and bypasses the 
need of individual dormant spores to accurately sense environmental sig-
nals. The process at least partially results from various levels of the sec-
ondary transcriptional regulator GerE, which controls the expression of a 
subset of σK-dependent genes encoding spore coat components. Thus, in 
wild-type spores, spontaneous germination is under the genetic control of 
GerE. This control is impaired in the mutant strains with changed regulation 
or levels of gerE expression (219).
The occurrence of SD and spontaneously germinating spores can be 
seen as a bet-hedging strategy, which increases chances of a spore popu-
lation for survival in an unpredictable and changeable environment. Spon-
taneous germination allows spores to take advantage of potentially favor-
able growth conditions even in the absence of obvious germination signals. 
However, it poses a risk of death to a germinating subpopulation if condi-
tions are unfavorable (219). In comparison, superdormancy prevents germi-
nation of an entire population immediately after the pulse of germinant. SD 
individuals do not take advantage of growth-supporting conditions, but if 
the environment becomes adverse they ensure the survival of a part of the 
spore population.
Heterogeneity and rates of spore germination are further affected by the 
spore age and environmental conditions, in particular exposure to stress-
ing factors. Hence, two-day-old spores germinate slightly faster and more 












1maturation accompanied by cross-linking of the outer coat and crust pro-teins and by an increase in spore heat resistance (220). Similarly, the state 
of RNA in the spore reportedly changes during the initial period of spore 
maturation and might influence spore germination kinetics (221). Finally, 
heterogeneity in spore germination is affected by the general conditions 
during spore formation and germination, such as media composition (222), 
and can be strongly increased by subjecting spores to adverse treatments 
such as high salinity (223), acidification (224) and heating (220, 225) includ-
ing pasteurization (226). 
The time required for outgrowth of germinated spores also shows a 
considerable level of heterogeneity (Figure 4A). Yet, for unstressed spores, 
heterogeneity in outgrowth is not as strong as heterogeneity in the initial 
stages of germination (226, 227). The time intervals required for different 
phases of spore revival, namely germination, early outgrowth (ripening) and 
outgrowth, and heterogeneity therein, are not correlated to each other. 
Therefore, the first spores to germinate are not necessarily the first ones 
to grow out and undergo cell division (222, 224, 227, 228). Thus, data on 
the spore germination behavior cannot be used to predict a duration of 
outgrowth or the level of outgrowth heterogeneity (222, 224, 227, 228). 
Outgrowth, which occurs with fully re-activated metabolism, is affected 
differently by various spore properties and environmental conditions than 
germination, which takes place before the full re-acquisition of metabolic 
activity (227). Nevertheless, outgrowth heterogeneity is also increased by 
exposure of dormant spores to stressors such as heat (222, 224, 226, 227), 
non-optimal pH (222), high salt concentrations (229) or the presence of 
weak organic acids (224).
IV.3 Differences in the presence and sequences of 
germination genes cause inter-strain variation in spore 
germination
Germination responses can vary strongly not only between Bacillus species 
but also between individual strains of one species (Chapters 4, 5 and 6) 
(230–232) (Figure 4B). This variation in nutrient-induced spore germination 
is partly caused by differences in the presence or sequences of germinant 
receptors. For instance, various strains of B. cereus have different numbers 
and types of GRs (231, 233), with four strains containing GRs that belong 
to 10 distinct phylogenetic groups and that confer distinct nutrient germi-
nant specificities (231). Similarly, spores of B. megaterium strains that con-
tain a plasmid with a tricistronic gerU operon and a monocistronic gerVB 
locus recognize a higher range of germinants than spores of the plasmidless 
strains 148). Interestingly, some GR complexes show interchangeability be-
tween their components: the GerUA and GerUC subunits of B. megaterium 
can interact with three different B subunits, GerUB, GerVB and GerWB 
(148, 151). Thus, even the presence of orphan genes encoding additional 
GR B subunits may lead affect germinant specificities of individual strains.
Besides the presence of ger genes, amino acid sequences of GR subunits, 
the presence and composition of other germination-related proteins and 
general spore properties (e.g., coat permeability or IM fluidity) also shape 
the spore germination behavior. Such factors likely contribute to the differ-
ences in the spore germination efficiencies and HA requirements among 
individual B. cereus strains (231) and B. subtilis strains (Chapter 4 and 5) 
(230) or to the variation in L-alanine-induced germination among spores of 
46 Bacillus licheniformis strains that all contain the gerA operon (232).
The occurrence of GR operons in the genome does not guarantee effi-
cient nutrient-induced spore germination. Spores of four Bacillus thermoam-
ylovorans strains are almost completely irresponsive to nutrient germinants 
(maximally ~15% of germinated spores within 24 hours) despite the pres-
ence of two GR operons (Chapter 6). Similarly, certain B. subtilis strains con-
tain the GR operons (yndDEF, yfkQRST, gerX) that appear non-functional 
(142) (Chapter 4 and 5). Weak expression of ger operons, the occurrence 
of mutations that render GR inactive or changes that interfere with other 
steps of germination process can potentially account for the poor spore 
germination responses of strains that seemingly encode GR complexes.
The strain-specific presence of genes with previously unknown roles in 
the germination process can strongly contribute to inter-strain diversity in 
spore germination. A specific spoVA²mob operon present in certain B. subtilis 
foodborne isolates has been shown to decrease the spore germination rates 
and to increase the spore HA requirements (Chapter 4 and 5) and the spore 
resistance levels to wet heat (128). The spoVA²mob products may affect the 
IM properties and/or the germination apparatus located within (Chapter 4 
and 5) (128). The operon is additionally found in some strains of Bacillus 
 amyloliquefaciens, B. licheniformis and B. thermoamylovorans (128), likely hav-
ing similar effects on their spore properties.
Similarly to nutrient-induced germination, non-nutrient germination 
responses can show a strong inter-strain variation. For instance, spores 
of different B. subtilis strains have various rates of Ca-DPA-induced ger-
mination (230), although reasons for this phenomenon are unclear. Simi-
larly, B. thermoamylovarans spores exhibit different levels of responses to 
exogenous Ca-DPA, with spores of two strains germinating in nearly 100% 
and spores of other strains responding in ~50% (Chapter 6). Finally, the 
spoVA²mob operon negatively affects spore germination with dodecylamine 












1weaker responses to this non-nutrient germinant than spores of strains in which spoVA²mob is absent.
V. Studies on (heterogeneity and variation in) 
properties of Bacillus spores facilitate control 
over spores in the food industry
Besides the ecological significance as transmission capsules that allow for 
bacterial survival, Bacillus spores pose major problems for the food industry 
(8, 210). Spores, ubiquitously present in the environment, can easily  access 
the food chain (8, 210) and their unique resistance allows them to survive 
food processing and preservation treatments (234–236). Consequently, 
the spores that survived can germinate and grow out in foods. Subsequent 
growth of vegetative cells can cause spoilage, leading to substantial eco-
nomic losses and food waste (8). Moreover, spores of toxin-producing B. ce-
reus facilitate spreading of foodborne diseases (237).
Spore germination and outgrowth are essential for the revival of vegeta-
tive growth and thus, spores need to undergo these processes to cause food 
spoilage or a disease. Inhibition of spore germination and/or outgrowth can 
be used as a strategy to improve food safety (238, 239). Moreover, induc-
tion of germination, which causes loss of spore extreme resistance, prior to 
the application of inactivation treatments can vastly improve deterioration 
of spores (240–242). Finally, chances of spore survival through the food 
processing chain and the probability of their germination and outgrowth 
need to be included when assessing the risk of spoilage. 
Control over spores and predictability of their behavior are complicated 
by huge heterogeneity observed in spore properties, including spore re-
sistance, germination and outgrowth (210, 243). Spore phenotypic char-
acteristics are predominantly shaped during sporulation and are furthered 
affected by the conditions to which spores are exposed. Consequently, het-
erogeneity in spore properties depends on the history of sporulating cells 
and spores and is influenced by both intra- and extra-cellular factors, such 
as: i) stochastic fluctuations in gene expression during sporulation, effects 
of which are often multiplied by different regulatory mechanisms; ii) differ-
ences in sporulation conditions, which may change locally and temporary; 
iii) exposure of cells/spores to environmental stresses during sporulation, 
dormancy, germination or outgrowth (210, 243). Still, in-depth mechanistic 
understanding of sources of the spore phenotypic heterogeneity, includ-
ing an impact of the sporulation history, is largely missing. Thus, investi-
gation of the spore formation process and sporulation gene expression at 
the single cell level (for instance, as described in Chapter 2) for the model 
laboratory spore-formers, for which multiple molecular tools are available, 
can provide valuable data facilitating prediction of the spore behavior.
Inter-species and inter-strain variation is another factor impeding the 
food safety-related risk assessment and development of efficient meth-
ods for spore inactivation. Due to the existence of highly developed mo-
lecular techniques, including genetic modification methods, the majority 
of knowledge on spore properties is obtained from research on model 
organisms, especially non-pathogenic soil-derived strain, B. subtilis 168. 
However, such model strains adapted to laboratory conditions do not fully 
reflect the properties of spore-formers associated with foods and other 
natural environments (128, 236) (Chapter 4, 5 and 6). In particular, food 
processing and preservation treatments appear to support the selection 
of spores with traits that increase their survival, such as high (heat) resis-
tance, increased dormancy, more heterogeneous or delayed germination 
(244–247). Thus, there is a need for expanding studies on spore formation 
and properties from the laboratory organisms to industrially-relevant spe-
cies and strains, such as food-spoilage isolates of B. subtilis, B. amyloliquefa-
ciens and B. thermoamylovorans analyzed in Chapters 3-6. In particular, in-
vestigation of spore heat resistance (which supports contamination of food 
products) and spore revival (which is required for the occurrence of food 
spoilage) of the problematic spore-formers is essential for improved con-
trol over spores in the food industry. Moreover, coupling the phenotypic 
traits of multiple strains with their genomic and/or transcriptomic charac-
teristics, for instance by use of the gene-trait matching approach (Chap-
ter 4) (248), can allow for elucidation of molecular bases of the inter-strain 
phenotypic variation, similarly as described in Chapters 4-6. Subseqently, 
identified molecular determinants of phenotypic variation can be used 
as biomarkers for prediction of properties of problematic spore-formers 
(Chapter 4). Currently, such advances are supported by technical develop-
ment (and decrease in prices) in the area of the single cell and “omics” tech-
niques such as fluorescent time-lapse microscopy (226, 249), whole ge-
nome sequencing (Chapter 6 Addendum) and transcriptomics (250, 251).
VI. Scope of this thesis
This thesis describes single-cell heterogeneity and inter-strain variation in 
spore formation and germination as well as sources of these phenomena. The 
described research were performed on the model laboratory strain B. subtilis 
168 (Chapter 2) or food-spoiling strains of B. subtilis (Chapter 3, 4, 5), Bacillus 
amyloliquefaciens (Chapter 3) and B. thermoamylovorans (Chapter 6; Chap-












1With the use of fluorescence time-lapse microscopy, we studied hetero-geneity in expression of selected spore-related genes in individual monoclo-
nal cells of B. subtilis 168 during sporulation (Chapter 2). Already at the early 
sporulation stages, distinct transcriptional patterns were observed for the 
subpopulation of cells that ultimately accomplished sporulation and for the 
subpopulation that lysed before completion of the spore formation process. 
Thus, the different cell fates may be pre-determined already before engulf-
ment and are possibly related to the general cell fitness or energy levels.
Using total RNA sequencing, we compared gene expression during spor-
ulation at a population level in the model laboratory strain B. subtilis 168 
and in the six foodborne strains of B. subtilis and of its close relative B. am-
yloliquefaciens (Chapter 3). Transcription of known sporulation genes was 
mostly comparable in all analyzed strains, indicating a high conservation 
of sporulation gene expression regulatory network among the individual 
strains and between the two species. Therefore, differences in spore prop-
erties of these strains may rather be caused by the variation in presence or 
sequences of specific sporulation-related genes than the distinct transcrip-
tional behavior. 
Finally, we analyzed the diversity in spore germination phenotypes be-
tween different strains of B. subtilis (Chapters 4 and 5) and B. thermoam-
ylovorans (Chapter 6). We show that a single operon (spoVA²mob), which is 
carried on the Tn1546 transposon and which is known to increase spore 
heat resistance (128), causes a decrease in germination rates and efficien-
cies of B. subtilis spores and thus, is in part responsible for the inter-strain 
variation in spore germination properties (Chapter 4 and 5). Moreover, the 
same operon seems to increase spore heat-activation requirements as de-
scribed in Chapter 5. Therefore, spoVA²mob constitutes a direct genetic link 
between spore high heat resistance, slow spore germination and elevated 
heat-activation requirements (Chapter 4 and 5). In addition to spoVA²mob, 
the spore germination responses and heat-activation requirements are 
seemingly affected by sequences of the germinant receptor proteins (Chap-
ter 5). Interestingly, intrinsic differences occur also between the individual 
B. subtilis germination pathways induced by different nutrient germinants, 
with L- alanine germination being more thermoliable and requiring milder 
heat-activation treatments than AGFK germination (Chapter 5).
In contrast to B. subtilis, spores of the four investigated B. thermoamylovo-
rans strains germinate extremely weakly with nutrients despite the presence 
of two ger operons (Chapter 6). These poor responses might be caused by 
the homologs of the spoVA²mob products that are encoded in the four B. ther-
moamylovorans genomes (Chapter 6 Addendum). In contrast, the four strains 
show moderate to very efficient germination with a non-nutrient germinant, 
exogenous Ca-DPA. Very efficient germination in Ca-DPA correlates with 
the presence of a second copy of the cwlJ and gerQ genes (Chapter 6), which 
in B. subtilis are required for the response to this trigger (185, 187).
The results from Chapters 2, 3, 4, 5 and 6 are discussed with regard to their 
impact for fundamental research as well as for the food industry in Chapter 7.
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Sporulation is a last resort adaptive strategy utilized by Bacillus subtilis to sur-
vive starvation. To form an endospore the cell undergoes complex morphogen-
esis, which requires large changes in gene expression regulated by a sequential 
cascade of transcriptional regulators. Sporulation is time- and energy-consuming 
and thus an entry into the process is precisely controlled to prevent its unneces-
sary onset. Moreover, the sporulation initiation machinery facilitates the develop-
ment of phenotypic heterogeneity, so only a subpopulation of cells initiates spor-
ulation in response to nutrient depletion, while others do not. Additionally, some 
cells undergo lysis and release nutrients that can be used by surrounding siblings. 
By use of fluorescent time-lapse microscopy, we demonstrate that even cells at 
the later stages of sporulation, after activation of different sporulation-specific 
σ factors, can lyse before the completion of spore formation. Such lysis includes 
both the forespore and the mother cell compartment. The frequency of lysis was 
significantly higher for the cells that showed hallmarks of sporulation at a later 
time during the experiment than an average sporulating cell. Lysing sporulating 
cells exhibited changes in the activity of sporulation-dependent promoters when 
compared to successfully sporulating cells. The described phenomenon consti-
tutes another aspect of heterogeneity in sporulation. Moreover, it underlines that 
despite the existence of precise control mechanisms for sporulation initiation, 
some cells enter the process even though they are unable to successfully com-
plete it, possibly due to compromised fitness levels.
Introduction
Bacillus subtilis can utilize a range of adaptive mechanisms in response to 
unfavorable conditions, with (endo)spore formation being the last resort 
survival strategy against starvation. (Endo)spores constitute specialized 
cells that are highly resistant and metabolically dormant, yet capable of 
monitoring their environment and re-initiating vegetative growth via germi-
nation in response to growth-favoring environmental conditions. Sporula-
tion is a very complex process, which consists of multiple stages (1–5). One 
of the initial hallmarks of sporulation is an asymmetric cell division, in which 
a septum is formed at one of the poles of the sporulating cell. The polar 
septation leads to the emergence of two unequally sized compartments, a 
smaller forespore and a bigger mother cell. Afterwards, the forespore be-
comes internalized by the mother cell via the engulfment process during 
which the mother cell membrane migrates around the forespore, ultimately 
leading to the release of the forespore surrounded by two (inner and outer) 
membranes into the cytoplasm of the mother cell. In the following stages of 
spore formation, the forespore develops its resistance and dormancy. The 
two protective spore outer layers, peptidoglycan cortex and protein coat, 
are formed and the forespore cytoplasm (the spore core) becomes dehy-
drated due to the replacement of water with dipicolinic acid (DPA). Finally, 
the mother cell lyses and the mature spore is released into the environment. 
When observed via phase-contrast microscopy, the forespore appears 
phase-dark during the initial stages of sporulation. Therefore, sporulating 
cells are indistinguishable from vegetative cells, unless a membrane dye is 
used to visualize membranes that separate the forespore and mother cell 
compartments. During the later stages of sporulation, dehydration of the 
forespore can be observed as a phase-dark to phase-bright transition by 
which the dehydrated, formerly phase-dark forespore becomes clearly vis-
ible inside the mother cell.
Complicated sporulation morphogenesis requires extensive changes in 
gene expression (5–10), which can be divided into several phases (Figure 1). 
In a predivisional cell, the alternative σ subunit of RNA polymerase σH and 
the transcriptional regulator of sporulation initiation Spo0A, which is ac-
tivated by phosphorylation (Spo0A~P) drive gene expression towards the 
asymmetric division. After septation, a new set of alternative σ factors takes 
over regulation of transcription in each compartment. σF becomes active 
in the forespore. Subsequently, σF-dependent gene expression results in a 
transfer of a signal from the forespore to the mother cell, causing activation 
of mother cell-specific σE. In this way, two separate but inter- connected 
gene expression programs are established in the two compartments. σF- 
































expression is overtaken by the final set of sporulation σ factors, σG in the 
forespore and σK in the mother cell. Activation of forespore-specific σG oc-
curs directly after engulfment and is required for the activation of σK in the 
mother cell. Gene expression turned on by individual sporulation σ factors 
is additionally adjusted by sporulation-specific secondary transcriptional 
regulators (RsfA, GerR, SpoIIID, SpoVT, YlyA, GerE). Altogether, sporulation 
gene expression is governed in a sequential manner: i) σH and Spo0A~P in 
the predivisional cell; ii) σF (plus RsfA) in the forespore and σE (plus GerR and 
SpoIIID) in the mother cell after asymmetric cell division; iii) σG (plus SpoVT 
and YlyA) in the forespore; and iv) σK (plus GerE and GerR) in the mother cell 
after engulfment (Figure 1).
Spore formation is a time- and energy-intensive process, which becomes 
irreversible after asymmetric septation and activation of σF (11, 12) or, as 
indicated by a recent report (13), activation of σE, with neither compart-
ment capable of restoring vegetative growth. For these reasons, the entry 
into sporulation is tightly regulated by the so-called phosphorelay and re-
quires high levels of the phosphorylated and thus activated Spo0A regula-
tor (Spo0A~P). In contrast, other survival strategies (e.g., motility, cannibal-
ism, biofilm formation) are initiated more promptly (14–16). In response to 
various environmental signals, several histidine sensor kinases undergo auto-
phosphorylation and subsequently move the phosphate group onto the two 
phosphotransferases Spo0B and Spo0F that in turn transfer it onto Spo0A. 
The phosphorylation state of Spo0A is further controlled by several phospha-
tases and quorum-sensing signal peptides.
Induction of sporulation is heterogeneous: even in sporulation- promoting 
conditions, only a fraction of isogenic cells of B. subtilis reaches the thresh-
old concentration of Spo0A~P that is required for initiation of spore forma-
tion, while other cells remain in a vegetative state (17, 18). The sporulation 
initiation heterogeneity originates from the intracellular variation (including 
temporal variation) in the availability of phosphate within the phosphorelay, 
which is affected by various transcriptional and post-transcriptional mech-
anisms (19). These differences in the phosphorelay phosphate charge are 
likely caused by asynchrony in the development of individual cells and sto-
chastic factors such as noise in the expression of genes involved in phos-
phorelay regulation (19). The occurrence of a mixed population of sporulating 
and non-sporulating cells may play an adaptive function (bet-hedging) since 
heterogeneous populations can react quickly to changing environments and 
the presence of one subpopulation may bring benefits for the other (18, 20).
Aside from sporulating and non-sporulating cells, a previous time-lapse 
microscopy study has also shown the presence of lysing cells within B. sub-
tilis microcolonies grown on microscopy slides (18). The lysing subpopula-
tion did derive from both non-sporulating vegetative cells and cells that 
already reached Spo0A~P levels required for sporulation initiation (18). 
In this work, we investigated the occurrence of lysis among sporulating 
cells by use of fluorescence time-lapse microscopy and demonstrate that 
this also takes place at the later stages of sporulation, when subsequent 
sporulation- specific sigma factors (σF, σE, σG, and rarely also σK) become ac-
tive in the respective compartments of the sporulating cell. We reveal that 
cells that sporulate at a later time than the majority of their siblings have a 
higher risk of lysing. Moreover, the lysing sporulating cells exhibit distinct 
promoter activity profiles for selected sporulation genes when compared 
to cells that successfully completed spore formation, which forms an im-
portant element in predicting eventual cell fate.
Materials and methods
Plasmids, strains and media
Strains and plasmids used in this study are listed in Table 1 and Table 2, 
respectively. The cloning host for vector preparation Escherichia coli 
Vegetative cell (0) Replication (0) Axial ﬁlamentation (I)












































Figure 1. Sporulation cycle of B. subtilis. The σ factors and transcriptional regulators that 
control gene expression during various stages (0-VII) of sporulation are indicated. Abbre-
































MC1061 was grown in Luria Bertani (LB) at 37°C. When needed, ampi-
cillin (Ap) was added to a final concentration of 100 μg/ml. B. subtilis 168 
wild type (wt) and its derivatives were cultured in LB, minimal medium 
[MM: 62 mM K2HPO4; 44 mM KH2PO4; 15 mM (NH4)2SO4; 6.5 mM so-
dium citrate; 0.8 mM MgSO4; 0.02% casamino acids; 27.8 mM glucose; 
0.1 mM L-tryptophan] or 15% chemically defined medium [CDM: 2.2 mM 
glucose; 2.1 mM L-glutamic acid; 6 mM L-tryptophan; 7.5 mM MnCl2; and 
0.15 x metal (MT) mix (21)] at 37°C or 30°C. If required, chloramphenicol 
(Cm) was added to a final concentrations of 5 μg/ml.
Recombinant DNA techniques and oligonucleotides
Procedures of DNA purification, restriction, ligation, agarose gel electro-
phoresis and E. coli transformation were performed as described in (27). 
PCR reactions were run by use of Phusion High-Fidelity DNA polymerase 
(NEB), unless indicated differently. Oligonucleotides used are listed in Ta-
ble 3 and were synthesized by Biolegio (Nijmegen, The Netherlands). All 
constructs obtained were checked by sequencing. Restriction enzymes and 
T4 DNA ligase were purchased from Thermo Scientific. B. subtilis transfor-
mation was performed as described in (28). Insertion of the introduced DNA 
into the correct locus on the chromosome was confirmed by PCR reactions. 
Table 1. Strains of B. subtilis used in this study
Strain Also called Description Reference
168 wt wild type (22–24)
PkinA-gfp PkinA 168-derivative strain with pSG20-PkinA vector integrated 
via single cross-over in front of the kinA locus; CmR
This study
PspoIIQ-gfp PspoIIQ 168-derivative strain with pSG20-PspoIIQ vector integrated 
via single cross-over in front of the spoIIQ locus; CmR
This study
PcwlJ-gfp PcwlJ 168-derivative strain with pSG20-PcwlJ vector integrated 
via single cross-over in front of the cwlJ locus; CmR
This study
PgerA-gfp PgerA 168-derivative strain with pSG20-PgerA vector integrated 
via single cross-over in front of the gerA locus; CmR
This study
PsleB-gfp PsleB 168-derivative strain with pSG20-PsleB vector integrated 
via single cross-over in front of the sleB locus; CmR
This study
PspoVA-gfp PspoVA 168-derivative strain with pSG20-PspoVA vector integrated 
via single cross-over in front of the spoVA locus; CmR
This study
PgerE-gfp PgerE 168-derivative strain with pSG20-PgerE vector integrated 
via single cross-over in front of the gerE locus; CmR
This study
PgerP-gfp PgerP 168-derivative strain with pSG20-PgerP vector integrated 
via single cross-over in front of the gerP locus; CmR
This study
Construction of strains containing promoter-gfp fusions in 
their native locus
We constructed vectors that contained fusions of the gfp(opt) gene, which 
encodes a variant of the green fluorescent protein (GFP) that exhibits rela-
tively strong fluorescence in B. subtilis (24, 25), with selected promoters. The 
gfp(opt) gene was amplified together with an upstream optimized RBS with 
the use of the pDR111_gfp(Sp) vector (25) as a template. The PCR product 
for gfp(opt) was digested with KpnI and NcoI restriction enzymes and inserted 
into the pSG1151 vector (26) with the removed gfpmut1 gene, leading to the 
creation of the pSG11220 vector. Subsequently, the approximately 800-bps-
long genomic fragments directly upstream of ribosome-binding sites (RBS) 
of selected genes, which included promoters of the genes, were amplified by 
PCR on the B. subtilis 168 genomic DNA template. The obtained PCR prod-
ucts were inserted upstream of the optimized RBS and the  gfp(opt) gene on 
the pSG11220 vector via PstI, KpnI or PstI, EcoRI restriction sites. Constructs 
Table 2. Plasmids used in this study
Plasmid Features Description Reference
pDR111_gfp(Sp) bla amyE′  Phyperspank-gfp(Sp) 
spec lacI amyE
Used as a template for the gfp(Sp) 
[gfp(opt)] amplification
(25)
pSG1151 gfpmut1 cat bla  ori-ColE1 
ori-f1
Shuttle vector, replicates in E. coli, 
carries a gfpmut1 gene flanked by 
MCSs (multiple cloning sites)
(26)
pSG11220 gfp(Sp) cat bla  ori-ColE1 
ori-f1
pSG1151-based, carries a gfp(Sp) 
[gfp(opt)] gene preceded by RBS opti-
mized for B. subtilis, flanked by MCSs
This study
pSG20-PcwlJ PcwlJ-gfp(Sp) cat bla 
 ori-ColE1 ori-f1
pSG11220-based, carries the 
PcwlJ promoter fused to the gfp(Sp) 
[ gfp(opt)] gene and optimized RBS
This study
pSG20-PgerA PgerA-gfp(Sp) cat bla 
 ori-ColE1 ori-f1
pSG11220-based, carries the 
PgerA promoter fused to the gfp(Sp) 
[gfp(opt)] gene and optimized RBS
This study
pSG20-PsleB PsleB-gfp(Sp) cat bla 
 ori-ColE1 ori-f1
pSG11220-based, carries the 
PsleB promoter fused to the gfp(Sp) 
[gfp(opt)] gene and optimized RBS
This study
pSG20-PspoVA PspoVA-gfp(Sp) cat bla 
 ori-ColE1 ori-f1
pSG11220-based, carries the 
PspoVA promoter fused to the gfp(Sp) 
[gfp(opt)] gene and optimized RBS
This study
pSG20-PgerE PgerE-gfp(Sp) cat bla ori-
ColE1 ori-f1
pSG11220-based, carries the 
PgerE promoter fused to the gfp(Sp) 
[ gfp(opt)] gene and optimized RBS
This study
pSG20-PgerP PgerP-gfp(Sp) cat bla ori-
ColE1 ori-f1
pSG11220-based, carries the 
PgerP promoter fused to the gfp(Sp) 

































Table 3. Primers used in this study
Primer Description Sequence Restric-tion site
PkinA-F Primers for amplifica-
tion of promoter region 








PspoIIQ-F Primers for amplifica-
tion of promoter region 








168cwlJ-F Primers for amplifica-
tion of promoter region 








168gerA-F Primers for amplifica-
tion of promoter region 








168sleB-F Primers for amplifica-
tion of promoter region 





168sleB-R C G C G G A AT TC C TAC TG C A A A 
TTTTTAAGTGTAATCGTATTTTC
EcoRI
168VA-F Primers for amplification 
of promoter region (~800 








168gerE-F Primers for amplifica-
tion of promoter region 








168gerP-F Primers for amplifica-
tion of promoter region 









PkinA-ch-F Forward primers for 
























168PgerP-ch-F GTTTCCCCGATGGAGACAA GATC x
seq-gfp-opt-R Reverse primer for 




were transformed into B. subtilis 168 wild type strains. The pSG11220-based 
plasmids were integrated into the native locus on the chromosome by single 
cross-over via the cloned 800-bps-long upstream regions, leaving the corre-
sponding wild type genes intact. Colonies were selected on LB-agar plates 
containing chloramphenicol (Cm). Integration into the correct locus was con-
firmed by PCR with forward primers binding to the chromosome upstream of 
the insertion sites and reverse primer binding within the integrated plasmids.
Fluorescence time-lapse microscopy
The fluorescence time-lapse microscopy experiments were performed as 
described before (21). In short, B. subtilis strains were grown overnight at 
30°C in MM medium. The next day, the overnight cultures were diluted ten-
fold in 15% CDM medium and grown at 30°C. After a four-hour incubation, 
the cultures were diluted to OD600 of 0.035. 2.5 µl of the diluted cultures 
was loaded on the 15% CDM, 1.5% agarose microscopy slide. In some cases, 
the slide was supplemented with the 0.4 µg/ml membrane dye FM5-95 
( Invitrogen). The slide was incubated in the microscopy chamber at 30°C.
Microscopy pictures were taken every 20 minutes for 30-40 hours with 
the use of a Olympus IX71 inverted microscope (Personal DV, Applied 
 Precision), CoolSNAP HQ2 camera (Princeton Instruments), CoolSNAP HQ2 
camera (Princeton Instruments), 300 W Xenon Light Source, Olympus 
100X/1.40 phase-contrast objective, GFP and TRITC filtersets (Chroma), 
and softWoRx 3.7.0 software (Applied Precision). The following exposure 
settings were used: i) for phase-contrast pictures, 32% APLLC White LED 
light and 0.05 s exposure time; ii) for GFP detection: 10% Xenon light and 
0.5 s exposure time; iii) for detection of the FM5-95 membrane dye: 32% 
Xenon light and 0.3 s exposure time. Data were processed and analyzed us-
ing Fiji (http://fiji.sc/) (29) software, as described before (21). The statistical 
significance (P-value < 0.05) of the obtained results was assessed by single 
factor analysis of variance (ANOVA) in Microsoft Excel.
Results 
A subpopulation of sporulating cells with activated σF-
dependent gene expression lyses before completion 
of spore formation
B. subtilis cells, when observed by time-lapse microscopy, divide and form 
































have been shown to exhibit three distinct phenotypes: some remain in the 
vegetative form, some differentiate into spores and some lyse—either with-
out entering sporulation or after its initiation, marked by the activation of a 
Spo0A~P-dependent early sporulation promoter in a pre-divisional cell (18). 
Here, we used the same technique to further follow the development of mi-
crocolonies and phenotypic heterogeneity therein. To visualize the activity 
of the first forespore-specific σ factor, σF, we used the reporter strain B. sub-
tilis PspoIIQ-gfp in which the gfp gene was placed under the transcriptional con-
trol of the σF-dependent spoIIQ promoter and integrated in the native locus 
on the chromosome. Additionally, use of this strain allowed for visualization 
of the phase-dark forespores and thus, for the distinction between spor-
ulating cells containing phase-dark forespores and vegetative cells, which 
otherwise would be indistinguishable under the phase-contrast microscope.
Analysis of the fluorescent time-lapse microscopy movies for B. subtilis 
PspoIIQ-gfp revealed the occurrence of lysis of a subpopulation of cells that 
displayed a GFP signal in the forespore compartment and hence, seemingly 
had activated the σF factor. The lysis included both the forespore and mother 
cell compartments and could be divided into two types: one in which the 
forespore compartment lysed before the mother cell (Figure 2A-1B); and 
Figure 2. The lysis (A, B, C) and “invertant” (D) phenotypes observed for the sporulating 
cells expressing GFP in the forespore compartment. Images obtained with use of the 
phase-contrast fluorescent microscopy show the overlay of the bright-field and fluores-
cent channels (A-D) or the bright-field channel alone (D). The lysis of sporulating cells 
starts with a disassembly of the forespore compartment, as visualized by the release of 
GFP to the mother cell (A, B), or with a disintegration of the mother cell (C). Moreover, 
very rarely, the phase-bright forespore relapsed to a phase-dark state inside the mother 
cell (D). The red arrows indicate the cells showing individual phenotypes and the white 
scale bar indicates 2 µm.
the second type in which the mother cell’s lysis preceded the lysis of the 
forespore (Figure 2C).
To assess the frequency of sporulating cell lysis, we calculated the oc-
currence of different phenotypes for two microcolonies that consisted of 
316 cells in total. 251 (79%) of the analyzed cells in the microcolony dis-
played GFP fluorescence and as such were categorized as sporulating cells 
with activated σF-regulated transcription. A total of 81 (26% of the micro-
colony) of these fluorescent sporulating cells lysed, whereas 154 (49% of all 
cells) successfully completed sporulation (i.e., reached the developmental 
stage of stable dehydrated phase-bright forespores or of released phase-
bright spores) (Table 4, Figure 3). The remaining 16 fluorescent cells (5%) 
exhibited other phenotypes: 15 contained phase-dark forespores at the end 
of the experiment and thus, it was impossible to determine their final fate 
and one cell released a phase-dark spore to the environment. 65 cells in the 
microcolony (21%), out of which 30 (10%) lysed, did not produce GFP and 
thus did not activate the first forespore-specific σF factor.
Activation of late-stage sporulation σ factors does not 
guarantee successful completion of sporulation
Sporulation constitutes an irreversible and energy- and time-consuming 
developmental pathway (11–13). Hence, to prevent its unnecessary on-
set, various regulatory mechanisms integrate multiple intra- and extra- 
cellular signals into cell’s decision to sporulate (14–16, 30–32). Regarding 
this tight regulation of sporulation initiation, the relatively common oc-
currence of lysis observed for cells with activated transcription from the 
σF-dependent spoIIQ promoter was somewhat unexpected and prompted 
us to investigate the occurrence of lysis among the cells that reached vari-
ous stages of sporulation. Thus, we assessed progression of the spore for-
mation process for the respective reporter strains: PcwlJ-gfp (σE-controlled 
promoter, mother-cell-specific); PgerA-gfp (σF- and predominantly σG- 
controlled promoter, forespore-specific); PsleB-gfp and PspoVA-gfp (σG-con-
trolled promoters, forespore-specific); PgerE-gfp and PgerP-gfp (σK-controlled 
promoters, mother-cell-specific). Additionally, we examined the “sporu-
lation lysis” phenotype in B. subtilis 168 wild type (wt), which does not 
produce GFP, and a PkinA-gfp strain, in which gfp is expressed in all cells 
from the pre-sporulation kinA promoter of the KinA phosphorelay kinase 
gene [however, to different levels and at different times (data not shown)]. 
In the case of wt and PkinA-gfp,  sporulation was assessed by use of a fluo-
rescent membrane dye, which allowed for visualization of asymmetric cell 
































Table 4. Frequencies of different phenotypes* in sporulating microcolonies of the reporter 
strains, with the gfp gene under the control of various  sporulation-specific promoters.
*Total numbers (Number of cells) of all analyzed cells (Total), cells exhibiting the GFP fluores-
cence (GFP) and non-fluorescent cells (noGFP) are given. The assessed phenotypes include: 
i) lysis of fluorescent cells (GFP-Lysis); ii) completion of sporulation by fluorescent cells (GFP-
Spore); iii) other phenotypes of fluorescent cells, predominantly ongoing sporulation until the 
end of the experiment (GFP-Rest); iv) lysis of non-fluorescent cells (noGFP-Lysis) and v) cells 
that remained non- fluorescent until the end of the experiment (noGFP-Rest). Ratios (in per-
centages, %) of cells exhibiting the individual phenotypes were calculated per: all tested cells 
(Ratio per Total) for phenotypes i-v; per all fluorescent cells (Ratio per GFP) for phenotypes i-iii; 
and per all non- fluorescent cells (Ratio per GFP) for phenotypes iv-v. Next to sporulation σ 
factors (σ factor), some of the reporter promoters are under the control of additional transcrip-
tional regulators (Regulator).
**In the case of B. subtilis 168 wild type (wt) and the PkinA-gfp reporter strain sporulation was 
evaluated visualizing asymmetric septum division with a fluorescent membrane dye.
PspoVA promoter in a PspoVA-gfp strain or underwent asymmetric cell division 
in wt and PkinA-gfp, as seen by use of a fluorescent membrane dye. Finally, 
88% of cells turned fluorescent in the case of the PgerP-gfp (σK-controlled 
promoter) reporter strain.
“Sporulation lysis” (i.e., lysis of cells for which polar division or GFP syn-
thesis from sporulation-specific promoters was observed) occurred in 21% 
to 35% of cells of wt, PkinA-gfp, PspoIIQ-gfp, PcwlJ-gfp and PgerA-gfp strains (Ta-
ble 4, Figure 3). A slightly lower ratio of lysed fluorescent cells was ob-
served for the PsleB-gfp strain (18%), while PspoVA-gfp, PgerE-gfp and PgerP-gfp, 
in which the reporter promoters become active at relatively late stages of 
spore formation (5, 7), had a substantially lower frequency of lysis among 
the GFP-producing cells (9, 3 and 2%, respectively). Moreover, the ratios 
of “sporulation lysis” did not correlate with the ratios of overall lysis in mi-
crocolonies (Table 4). Interestingly, a single fluorescent sporulating cell of 
PgerA-gfp strain exhibited a new phenotype referred herein as “invertant”: 
the phase-bright forespore enclosed inside the mother cell turned back to 
phase-dark (Figure 2D). This would point to the possibility that even an ad-
vanced forespore can lose its dehydrated state either due to developmen-
tal defects or premature germination; a phenomenon that deserves further 
specific study, but which is outside the scope of this work.
Figure 3. Frequencies of different phenotypes in sporulating microcolonies of the re-
porter strains, with gfp expressed from various sporulation-specific promoters. Ratios (in 
percentages, %) of cells exhibiting individual phenotypes were quantified per all analyzed 
cells (/Tot) or per all fluorescent cells (/GFP). Abbreviations: GFP – all fluorescent sporulat-
ing cells; GFP-Lysis – sporulating fluorescent cells that lysed before completion of spore 
formation; GFP-Spore - sporulating fluorescent cells that completed spore formation.
σ factor NA σH σF σE σF⁺G σG σG σK σK
Regulator Spo0A(+) SpoIIID(+) SpoVT(-) SpoVT(+) SpoIIID(+) GerE(-)




181 210 316 389 263 274 157 141 386
GFP 142 167 251 241 166 155 127 93 30




79 80 79 62 63 57 81 66 8
GFP-Lysis 35 22 26 21 25 18 9 3 2
GFP-Spore 40 52 49 36 36 38 69 63 6
GFP-Other 4 5 5 6 2 1 3 0 0
noGFP 22 21 21 38 37 43 19 34 92
noGFP-Lysis 14 1 10 6 36 25 3 14 61




44 28 32 34 40 32 11 4 27
GFP-Spore 51 65 61 57 57 67 86 96 73
GFP-Rest 5 7 6 9 4 2 3 0 0
noGFP-Lysis Ratio per 
noGFP (%)
67 7 46 17 97 58 13 40 66
noGFP-Rest 33 93 54 83 39 42 87 60 34
The analysis of time-lapse fluorescence microscopy data showed that ly-
sis of sporulating cells can occur after activation of gene transcription gov-
erned by all the sporulation compartment-specific σ factors, however with 
different frequencies (Table 4, Figure 3). Similarly, a subpopulation of wt 
and PkinA-gfp cells lysed after having undergone polar division, while another 
part of cells completed spore formation (Table 4, Figure 3).
Four strains: PcwlJ-gfp (σE-controlled promoter), PgerA-gfp (σF- and pre-
dominantly σG-controlled promoter), PsleB-gfp (σG-controlled promoter) and 
 PgerE-gfp (σK-controlled promoter) had a similarly sized population of fluores-
cent cells, i.e., cells that activated the respective sporulation-specific pro-
moters, ranging from 57% to 66.0% (Table 4, Figure 3). A somewhat higher 
































Cells that show hallmarks of sporulation relatively late 
during the experiment lyse more frequently than 
cells that sporulate early
Initiation of spore formation is known to be very heterogeneous. Even ge-
netically identical cells, when exposed to sporulation-triggering conditions, 
do not initiate this survival strategy simultaneously. Some cells sporulate 
much later than others and some do not enter the process at all (18, 19). 
Likewise, during the time-lapse experiments, individual cells within each 
microcolony started spore formation at very different time points (Fig-
ure 4, Table 5). A majority of cells showed signs of sporulation, such as po-
lar septation or expression of GFP from the sporulation-specific promoters, 
between the 11th and 25th hour of the time-lapse experiments. Still, low 
numbers of cells exhibited these sporulation hallmarks substantially earlier 
(6th-8th hour of the microscopy observation) or later (26th-34th hour) than the 
rest of cells in the microcolony.
We coupled the time when the first signs of spore formation were ob-
served (either with use of the membrane dye for wt and PkinA-gfp strains or 
by observing the GFP fluorescence due to the activity of sporulation-spe-
cific promoters for PspoIIQ-gfp, PcwlJ-gfp, PgerA-gfp, PsleB-gfp, PspoVA-gfp, PgerE-gfp 
and PgerP-gfp strains) to the ultimate fate of the individual sporulating cells 
(Figure 4, Table 5). The analysis revealed that lysis is significantly more 
common for cells that sporulate later than their siblings. This phenomenon 
was observed for all the tested strains and regardless if sporulation was 
Figure 4. Correlation between sporulation fates of individual cells and the timing of spor-
ulation (i.e., the time between the start of time-lapse experiments and the first visible 
sign of sporulation). Each dot marks the time-point when the asymmetric septum (for wt 
and PkinA-gfp strains) or GFP fluorescence (for rest of the strains) was noticed for the first 
time in an individual sporulating cell that ultimately either completed spore formation (S) 
or lysed (L). Note that the timing of sporulation cannot be directly compared between dif-
ferent time-lapse experiments (and thus, different strains) due to differences in the time 
between the technical executions of the experiment.
Table 5. Average, minimum (Min) and maximum (Max) time (in hours, h) between the start 
of time-lapse experiments and the first visible sign of sporulation* for the subpopulations 
of sporulating cells that completed sporulation (Fate: S) or lysed (Fate: L).
*The hallmark of sporulation constituted asymmetric septation for the wt and PkinA-gfp strains or 
the GFP fluorescence due to the activity of sporulation-specific promoters for the rest of the 
tested strains.
**Significance in differences in time of sporulation between the S and L subpopulations of cells 
was assessed for each strain by the single factor analysis of variance (ANOVA); strains with a 
significant difference (P-value < 0.05) in timing of sporulation between the S and L cell subpop-
ulations are indicated by +. The timing of sporulation cannot be directly compared between 
different experiments (and thus, different strains) due to differences in the time between the 
agarose slide preparation and start of time-lapse microscopy.
Abbreviations: h – hour; NA – not applicable; No. cells – number of analyzed cells; SD – stan-
dard deviation.
Strain Fate No. cells Average time (h) SD P-value** Min time (h) Max time (h)
wt +
S 66 16.2 ± 1.6
6.3E-14
13.0 23.3
L 49 19.7 ± 2.8 13.0 32.3
PkinA +
S 104 15.9 ± 3.0
9.2E-19
8.3 24.3
L 30 22.9 ± 4.2 11.0 29.7
PspoIQ +
S 58 14.6 ± 4.1
2.4E-04
8.0 32.0
L 35 17.8 ± 3.5 8.3 28.3
PcwlJ +
S 25 12.1 ± 0.8
3.5E-07
11.3 14.0
L 19 15.1 ± 2.2 11.3 19.3
PgerA +
S 66 15.0 ± 1.7
5.2E-12
7.3 17.7
L 30 18.9 ± 3.1 9.0 25.3
PsleB +
S 38 17.3 ± 1.7
1.4E-11
15.0 23.7
L 25 21.8 ± 2.6 12.7 28.0
PspoVA +
S 51 14.1 ± 2.1
8.4E-06
8.3 19.3
L 12 18.3 ± 4.2 6.3 22.0
PgerE
S 46 18.8 ± 2.5
0.1
11.0 24.7
L 1 23.0 NA 23.0 23.0
PgerP +
S 10 20.3 ± 1.3
4.8E-08
17.7 22.0
































assessed by polar cell division or by GFP expression. On average, the sub-
population of lysing sporulating cells showed the first signs of sporulation 
3.0 to 13.0 hour later, depending on the strain, than the subpopulation of 
cells that completed sporulation (Table 5). Interestingly, a small fraction of 
cells with extremely early sporulation hallmarks (6th-11th hour of the exper-
iment) also seemed to exhibit more prevalent lysis than a typical cell in a 
microcolony (Figure 4).
Lysing sporulating cells differ in sporulation gene 
expression from cells that complete spore formation
Phenotypic variability in bacterial isogenic cultures can result from hetero-
geneous gene expression caused by noise in transcription, which in some 
situations can be additionally enhanced by positive feedback loops in gene 
expression regulatory networks (20). Therefore, to test whether the spor-
ulating cells that lysed and that completed spore formation differ in gene 
transcription, we assessed the transcriptional activity of the reporter pro-
moters in single sporulating cells, reflected by the GFP fluorescence signal 
over time (Figure 5, Table 6).
The analysis of the maximal GFP fluorescence intensity reached during 
sporulation of individual cells revealed distinct levels of heterogeneity for 
the various analyzed promoters, with PgerE being seemingly the least and  PsleB 
and PspoIIQ the most heterogeneous (Table 6). However, no uniform trend 
was observed for the individual strains concerning correlation between the 
maximal fluorescence levels and the occurrence of the two cellular fates 
(Table 6). In four strains (PkinA-gfp, PspoIIQ-gfp, PcwlJ-gfp and PgerE-gfp), the max-
imal fluorescence levels did not significantly differ between the subpopu-
lations of successfully sporulating and lysing sporulating cells. In contrast, 
the lysing sporulating cells of PgerA-gfp, PsleB-gfp, PspoVA-gfp, PgerP-gfp had sig-
nificantly lower maximal fluorescence levels than their successfully sporu-
lating siblings.
The fluorescence intensity in a single mother cell or a forespore, which 
reflects the reporter promoter activity, underwent changes over the time 
course of the time-lapse experiment (Figure 5). For all strains except for 
PkinA-gfp (data not shown), the changes in the GFP fluorescence over time 
(fluorescence patterns) were comparable in all successfully sporulating cells, 
despite differences in maximal fluorescence intensities between the indi-
vidual cells (Figure 5A). Moreover, for strains PspoIIQ-gfp, PcwlJ-gfp, PgerA-gfp, 
PsleB-gfp, PspoVA-gfp and PgerP-gfp the pattern of fluorescence intensity over 
time differed between the cells that completed spore formation and the 
cells that lysed during sporulation (Figure 5). The successfully sporulating 
cells exhibited the maximal fluorescence signal for a shorter period of time 
than their lysing siblings. This trend was especially visible in strains that ex-
pressed GFP in the forespore compartment (PspoIIQ-gfp, PgerA-gfp, PsleB-gfp and 
PspoVA-gfp), leading to a characteristic sharp fluorescence peak, followed by 
a decrease in the fluorescence intensity. In contrast, sporulating cells that 
lysed exhibited high fluorescence intensities for a longer period of time, 
usually till their lysis. No clear distinction in the fluorescence patterns could 
be made for the two cell fates of the PgerE-gfp strain, for which sporulation 
lysis was observed only very rarely (4 out of 141 cells).
Figure 5. Trends in GFP fluorescence patterns over time for either mother cell (for PcwlJ 
and PgerP strains) or forespore (for PspoIIQ, PgerA, PsleB and PspoVA strains) compartments of spor-
ulating cells that completed spore formation (black, constant line) or lysed (gray, dotted 
lines): fluorescence profiles of multiple cells in microcolonies of the three selected strains, 
PspoIIQ-gfp, PcwlJ-gfp and PgerA-gfp (A); and representative fluorescence profiles for one or 
two successfully sporulating or lysing cells for the six strains (B). Each line represents one 
sporulating cell. To facilitate comparison of fluorescence profiles, graphs were normalized 

































B. subtilis cells display phenotypic and temporal heterogeneity during the 
sporulation process. First of all, under sporulation-stimulating conditions, 
only a fraction of genetically identical cells initiates spore formation (17, 18). 
Secondly, as shown recently, not all cells that (i) have initiated sporulation, 
(ii) have undergone a polar division and (iii) have activated σF will proceed 
with the irreversible commitment to sporulation through the activation of 
the second compartment- specific factor, σE (13). Thirdly, individual cells of 
a sporulating subpopulation enter the process asynchronously, revealing a 
temporal variation in sporulation (18, 19). Finally, as shown in this study, a 
subpopulation of sporulating cells undergoes lysis (called herein “sporulation 
lysis”) before completion of the spore formation program (Figure 2). This lys-
ing spore fate can be predicted by monitoring expression patterns of indi-
vidual sporulation genes, especially in the forespore compartment (Figure 5).
Although the occurrence of lysis has been previously described for cells 
at specific stages of sporulation—either at the onset or the final phase, this 
work reveals that “sporulation lysis” can occur throughout the entire spor-
ulation process and is independent of the sporulation stage. A former study 
(18) has shown that a fraction of cells that have activated GFP expression 
from the σH- and Spo0A~P-dependent spoIIA promoter lyses via an un-
known mechanism. The spoIIA promoter is switched on during sporulation 
initiation, thus the described lysis may take place before the activation of 
the first set of compartment-specific sporulation σ factors and therefore 
before the actual commitment of cells to the spore formation process. In 
turn, another study (33) has described the regulated cell death of sporulat-
ing cells with defects in the forespore envelope (cortex and/or coat) assem-
bly. This regulated cell death serves as a quality control mechanism, which 
prevents an emergence of misassembled spores. In this regulated lysis, the 
CmpA adaptor protein, the ClpXP protease and at least one unidentified 
product of σK-dependent mother cell gene expression target the SpoIVA 
morphogenetic protein for degradation, likely leading to destabilization of 
the entire forespore. Thus, active cell death takes place only when defec-
tive cells have reached the phase-bright forespore developmental stage 
and have activated the final sporulation-specific σ factor, σK. In contrast, 
our study demonstrates that cells lysed mostly during the developmental 
stage of phase-dark forespores (Figure 2) and before activation of σK. In 
fact, cells with active σK that expressed GFP from the σK-dependent PgerP 
and PgerE promoters lysed particularly rarely: 2-3% of lysed cells in compar-
ison to 9-26% observed for the cells that produced GFP from the σF-, σE-, 
and σG-specific promoters (Table 4, Figure 3).
The mechanism of lysis observed in our study remains unclear. Consid-
ering that lysing sporulating cells differ in (i) their developmental stage (Ta-
ble 4, Figure 3), (ii) the time between the activation of the reporter pro-
moter and the occurrence of lysis (Figure 5 and data not shown) and in 
(iii) the cellular compartment that lyses first (forespore versus mother cell) 
(Figure 2), it is possible that more than one mechanism results in the ob-
served phenomenon. Sporulation killing factors constitute a highly improb-
able possibility (34) as sporulating cells are reportedly immune to them 
(34) and a previous study with comparable experimental conditions has 
proven these toxins irrelevant for lysis in microcolonies (18). In contrast, 
the  CmpA-mediated destabilization of the envelope-defective forespores 
Strain Fate No. cells







S 9 133 ± 18
0.15
113 163
L 7 146 ± 16 118 165
PspoIQ
S 5 356 ± 55
0.59
295 425
L 6 379 ± 72 293 495
PcwlJ
S 8 208 ± 19
0.79
178 238
L 12 203 ± 50 143 291
PgerA +
S 28 176 ± 15
4.2E-03
149 211
L 12 162 ± 9 151 184
PsleB +
S 9 1412 ± 348
1.0E-03
976 2193
L 9 843 ± 249 552 1229
PspoVA +
S 18 215 ± 25
1.5E-06
175 253
L 12 156 ± 28 128 220
PgerE
S 10 124 ± 3
0.71
117 127
L 4 123 ± 3 118 126
PgerP +
S 6 141 ± 7
1.1E-04
134 152
L 7 120 ± 6 111 127
Table 6. Average, minimum (Min) and maximum (Max) GFP fluorescent signal (in arbitrary 
units, AU) for the subpopulations of sporulating cells that completed sporulation (Fate: 
S) or lysed (Fate: L).
* Significance in differences in fluorescence levels between the S and L subpopulations of cells 
was assessed for each strain by the single factor analysis of variance (ANOVA); strains with a 
significant difference (P-value < 0.05) in fluorescence levels between the S and L cell subpop-
ulations are marked as +.
Abbreviations: AU – arbitrary units; NA – not applicable; No. cells – number of analyzed cells; 
































(33) could lead to lysis of some of the cells that reached the phase-bright 
forespore stage and activated σK-controlled promoters such as PgerE and PgerP. 
Indeed, the envelope defects, which often hinder maintenance of the de-
hydrated state of the forespore core (33), fit well with the noted “invertant” 
phenotype, characterized by a relapse of the phase-bright forespore to a 
phase-dark state (Figure 2D). Moreover, in the CmpA- dependent sporulat-
ing cell death, an action of unknown σK-dependent products prevents pre-
mature (i.e., before the σK activation) cell lysis. An error in this prevention 
mechanism could therefore lead to lysis of sporulating cells that have not 
produced phase-bright forespores yet. However, this type of mistake would 
unlikely account for the entire observed lysis [up to 44.4% of sporulating 
cells in one microcolony (Table 4)] and would not explain the lysis starting 
from the mother cell compartment (Figure 2C). Still, another unidentified 
quality control mechanism could act at the earlier stages of sporulation.
The lysis of sporulating cells may simply reflect a failure in the com-
pletion of spore formation. The sporulating cells at the final σK stage of 
gene expression are close to the completion of the sporulation program 
and do not require as many resources and as much time as cells at the 
earlier stages. Therefore, the particularly low frequency (2.1-2.8%) of ly-
sis for fluorescent cells of PgerP-gfp and PgerE-gfp strains is consistent with 
the “failure” hypothesis. Moreover, lysis was more common for cells that 
sporulated later in the time-course of microscopy experiments (Table 5, 
Figure 4). Prior to initiation of sporulation, these cells were exposed for a 
longer time to stressful conditions such as low nutrient availability than 
their early sporulating siblings. This could have potentially affected the 
physiological state of such cells already before the onset of sporulation, 
compromising their viability and future sporulation efficiency. Addition-
ally, the late “sporulators” may experience more difficult environmental 
conditions (e.g., lower concentrations of already used-up nutrients during 
sporulation) than their early sporulating siblings. Finally, from the very 
start, the late sporulating cells might have had intrinsically lower fitness 
levels that caused first a delay in initiating sporulation and later a failure 
in completing the spore formation program.
A possible effect of intrinsic factors such as decreased cellular fitness and 
viability is in line with a partial correlation observed between lysis of spor-
ulating cells and their lower maximal GFP fluorescence, indicating a signifi-
cantly (according to the ANOVA test, P < 0.05) lower activity of the reporter 
promoter (Table 6). For unclear reasons, this trend seems to be limited to 
the late, post-engulfment, σG- and σK-dependent promoters (PgerA, PsleB, PspoVA 
and PgerP), whereas the analyzed pre-engulfment, σH-, σF- or σE -dependent 
promoters showed a similar distribution of the maximal GFP fluorescence 
in both lysing and successfully sporulating cells (Table 6). In case of the 
σK- controlled PgerE promoter, the correlation might have been overlooked 
due to the generally homogeneous GFP signals (Table 6) and the low fre-
quency of lysis [2.8%, 4 out of 141 cells (Table 4)] of the fluorescent cells.
Next to the different maximal fluorescence signals, the lysing and suc-
cessful sporulating cells differed in the fluctuations in fluorescence inten-
sity over time (Figure 5). These differences were visible for all the strains 
(except for PgerE-gfp, potentially for the reasons described above) that had 
gfp under the control of sporulation-specific promoters switched on after 
the polar septation by the σF-σK factors. Successfully sporulating cells of 
these strains consistently showed a sharper, more transient, initial peak 
in GFP fluorescence, followed by a decrease of fluorescence intensity. In 
contrast, lysing sporulating cells maintained the (almost) top fluorescence 
levels until they lysed. Additionally, they often showed a less rapid initial 
rise in GFP signal, especially when gfp was expressed from the mother cell 
PcwlJ and PgerP promoters. Therefore, besides the somewhat reduced maxi-
mal gene transcription levels, the cells that failed in sporulation might have 
altered rates of the promoter activity. The observed differences in the GFP 
signals were seen up to many hours before lysis occurred, suggesting a pos-
sible predetermination of the sporulation lysis fate.
While changes in the GFP fluorescence observed until it reaches its 
maximum can be quite straightforwardly attributed to the reporter pro-
moter activity, the fluctuations afterwards are more difficult to interpret 
due to the long half-life of GFP (35, 36). On the one hand, an immediate 
decrease in fluorescence after its peak that typically occurred only in the 
successful “sporulators” (Figure 5) might be caused by the more efficient 
and rapid regulation of gene transcription. Moreover, the lysing cells could 
attempt to compensate often lower expression levels (Table 6) with longer 
transcription times. On the other hand, the differences in GFP signal over 
time between the two sporulating cell subpopulations may be caused by 
changes in the forespore/mother cell compartment that transpire only in 
one of the two groups of sporulating cells and that are unrelated to the 
activity of the tested reporter promoters. Such changes could include an 
increase in a compartment size, leading to the dilution of produced GFP in 
successful “sporulators”, or a modification of cellular conditions (pH, hydra-
tion, aeration) affecting fluorescence of GFP molecules. The actual dynam-
ics in gene transcription could be discriminated from the effect of cellular 
conditions on fluorescence with the use of an unstable fluorescent protein 
(FP) variant as a promoter activity reporter (35, 36). Moreover, an analy-
sis of double- labelled strains with promoters of two consecutively active 
sporulation σ factors fused to (fluorescent) reporters would allow for the 
exact determination of the gene expression stage during which sporula-
































In summary, in this study we show the emergence of a lysing subpopula-
tion among sporulating cells of B. subtilis, reflecting another aspect of hetero-
geneity in the spore formation process. Despite common traits of lysing cells, 
such as a tendency for late sporulation (Figure 4, Table 5) and distinct fluo-
rescence profiles of GFP produced under the sporulation-specific promoters 
(Figure 5, Table 6), the lysing subpopulation itself is heterogeneous regard-
ing the sporulation stage when lysis occurs and possibly its mechanism and 
cause. Besides regulated active cell death, the lysis could reflect a failure in 
the progression of sporulation, possibly due to a decreased cellular fitness 
or difficult environmental conditions. The existence of cells that seemingly 
enter sporulation despite being unfit or having not enough resources for its 
completion might be however beneficial on the population level as a whole, 
as such cells release not only nutrients but also spore- specific molecules 
(e.g., DPA or modified peptidoglycan fragments) that could facilitate spore 
formation by their more viable siblings.
Acknowledgments
The authors would like to thank Jordi van Gestel for technical support in 
data analysis.
References
1.  Hilbert DW, Piggot PJ. 2004. Compartmentalization of gene expression during Ba-
cillus subtilis spore formation. Microbiol Mol Biol Rev 68:234–262.
2.  Piggot PJ, Hilbert DW. 2004. Sporulation of Bacillus subtilis. Curr Opin Microbiol 
7:579–586.
3.  Tan IS, Ramamurthi KS. 2014. Spore formation in Bacillus subtilis. Environ Microbiol 
Rep 6:212–225.
4.  Higgins D, Dworkin J. 2012. Recent progress in Bacillus subtilis sporulation. FEMS 
Microbiol Rev 36:131–148.
5.  Eijlander RT, de Jong A, Krawczyk AO, Holsappel S, Kuipers OP. 2014. SporeWeb: 
an interactive journey through the complete sporulation cycle of Bacillus subtilis. 
Nucleic Acids Res 42:D685-91.
6.  Steil L, Serrano M, Henriques AO, Volker U. 2005. Genome-wide analysis of tem-
porally regulated and compartment-specific gene expression in sporulating cells of 
Bacillus subtilis. Microbiology 151:399–420.
7.  Nicolas P, Mäder U, Dervyn E, Rochat T, Leduc A, Pigeonneau N, … Noirot P. 2012. 
Condition-dependent transcriptome reveals high-level regulatory architecture in 
Bacillus subtilis. Science 335:1103–1106.
8.  Eichenberger P, Fujita M, Jensen ST, Conlon EM, Rudner DZ, Wang ST,  Ferguson C, 
Haga K, Sato T, Liu JS, Losick R. 2004. The program of gene transcription for a 
single differentiating cell type during sporulation in Bacillus subtilis. PLoS Biol 
2:e328.
9.  Molle V, Fujita M, Jensen ST, Eichenberger P, Gonzalez-Pastor JE, Liu JS, Losick R. 
2003. The Spo0A regulon of Bacillus subtilis. Mol Microbiol 50:1683–1701.
10.  Wang ST, Setlow B, Conlon EM, Lyon JL, Imamura D, Sato T, Setlow P, Losick R, 
Eichenberger P. 2006. The forespore line of gene expression in Bacillus subtilis. 
J Mol Biol 358:16–37.
11.  Parker GF, Daniel RA, Errington J. 1996. Timing and genetic regulation of commit-
ment to sporulation in Bacillus subtilis. Microbiology 3445–3452.
12.  Dworkin J, Losick R. 2005. Developmental commitment in a bacterium. Cell 
121:401–409.
13.  Narula J, Devi SN, Fujita M, Igoshin OA. 2012. Ultrasensitivity of the Bacillus subti-
lis sporulation decision. Proc Natl Acad Sci U S A 109:E3513-22.
14.  Grau RR, de Oña P, Kunert M, Leñini C, Gallegos-Monterrosa R, Mhatre E, Vileta D, 
Donato V, Hölscher T, Boland W, Kuipers OP, Kovács ÁT. 2015. A duo of potassi-
um-responsive histidine kinases govern the multicellular destiny of Bacillus subtilis. 
MBio 6:e00581.
15.  Kovács ÁT. 2016. Bacterial differentiation via gradual activation of global regula-
tors. Curr Genet 62:125–128.
16.  Lopez D, Vlamakis H, Kolter R. 2009. Generation of multiple cell types in Bacillus 
subtilis. FEMS Microbiol Rev 33:152–163.
17.  Chung JD, Stephanopoulos G, Ireton K, Grossman AD. 1994. Gene expression in 
single cells of Bacillus subtilis: evidence that a threshold mechanism controls the 
initiation of sporulation. J Bacteriol 176:1977–1984.
18.  Veening JW, Stewart EJ, Berngruber TW, Taddei F, Kuipers OP, Hamoen LW. 2008. 
Bet-hedging and epigenetic inheritance in bacterial cell development. Proc Natl 
Acad Sci U S A 105:4393–4398.
19.  de Jong IG, Veening J-W, Kuipers OP. 2010. Heterochronic phosphorelay gene ex-
pression as a source of heterogeneity in Bacillus subtilis spore formation. J Bacteriol 
192:2053–2067.
20.  Veening JW, Smits WK, Kuipers OP. 2008. Bistability, epigenetics, and bet-hedging 
in bacteria. Annu Rev Microbiol 62:193–210.
21.  de Jong IG, Beilharz K, Kuipers OP, Veening J-W. 2011. Live Cell Imaging of Bacil-
lus subtilis and Streptococcus pneumoniae using Automated Time-lapse Microscopy. 
J Vis Exp. 53:3145.
22.  Kunst F, Ogasawara N, Moszer I, Albertini AM, Alloni G, Azevedo V, … Danchin A. 
1997. The complete genome sequence of the gram-positive bacterium Bacillus sub-
tilis. Nature 390:249–256.
23.  Barbe V, Cruveiller S, Kunst F, Lenoble P, Meurice G, Sekowska A, Vallenet D, 
Wang T, Moszer I, Medigue C, Danchin A. 2009. From a consortium sequence to a 
80
unified sequence: the Bacillus subtilis 168 reference genome a decade later. Micro-
biology 155:1758–1775.
24.  Zeigler DR, Prágai Z, Rodriguez S, Chevreux B, Muffler A, Albert T, Bai R, Wyss M, 
Perkins JB. 2008. The origins of 168, W23, and other Bacillus subtilis legacy strains. 
J Bacteriol 190:6983–6995.
25.  Overkamp W, Beilharz K, Detert Oude Weme R, Solopova A, Karsens H, Kovács 
ÁT, Kok J, Kuipers OP, Veening J-W. 2013. Benchmarking various green fluorescent 
protein variants in Bacillus subtilis, Streptococcus pneumoniae, and Lactococcus lactis 
for live cell imaging. Appl Environ Microbiol 79:6481–6490.
26.  Feucht A, Lewis PJ. 2001. Improved plasmid vectors for the production of multiple 
fluorescent protein fusions in Bacillus subtilis. Gene 264:289–297.
27.  Sambrook J, Fritsch E, Maniatis T. 1989. Molecular cloning: a laboratory manual. 
Cold Spring Harbor Laboratory, Cold Spring Harbor, NY.
28.  Harwood CR, Cutting SM. 1990. Molecular biological methods for Bacillus. Chich-
ester, Wiley.
29.  Schindelin J, Arganda-Carreras I, Frise E, Kaynig V, Longair M, Pietzsch T, … 
 Cardona A. 2012. Fiji: an open-source platform for biological-image analysis. Nat 
Methods 9:676–682.
30.  Veening J-W, Hamoen LW, Kuipers OP. 2005. Phosphatases modulate the 
bistable sporulation gene expression pattern in Bacillus subtilis. Mol Microbiol 
56:1481–1494.
31.  Reder A, Albrecht D, Gerth U, Hecker M. 2012. Cross-talk between the general 
stress response and sporulation initiation in Bacillus subtilis - the σ B promoter of 
spo0E represents an AND-gate. Environ Microbiol 14:2741–2756.
32.  Koide A, Perego M, Hoch JA. 1999. ScoC regulates peptide transport and sporula-
tion initiation in Bacillus subtilis. J Bacteriol 181:4114–4117.
33.  Tan IS, Weiss CA, Popham DL, Ramamurthi KS. 2015. A quality-control mechanism 
removes unfit cells from a population of sporulating bacteria. Dev Cell 34:682–693.
34.  González-Pastor JE, Hobbs EC, Losick R. 2003. Cannibalism by sporulating bacte-
ria. Science 301:510–513.
35.  Andersen JB, Sternberg C, Poulsen LK, Bjorn SP, Givskov M, Molin S. 1998. New 
unstable variants of green fluorescent protein for studies of transient gene expres-
sion in bacteria. Appl Environ Microbiol 64:2240–2246.




expression patterns in 
eight strains of Bacillus 
subtilis and Bacillus 
amyloliquefaciens with 
different spore properties
Antonina O. Krawczyk, Anne de Jong, Yanglei Yi, 
Siger Holsappel, Robyn T. Eijlander and Oscar P. 
Kuipers





































Bacteria from the genus Bacillus are able to respond to nutrient limitations and 
increasing cell densities by the production of dormant and highly resistant en-
dospores. Spore formation is a complex process that is tightly regulated by a 
temporarily- organized series of transcriptional regulators. Sporulation and the 
concomitant gene expression have been studied in great detail in the model 
laboratory strain B. subtilis 168, which, due to years of domestication, differs in 
many aspects from strains occurring in nature. To assess the inter-strain diver-
sity in sporulation gene expression, we performed RNA-Seq analyses at different 
stages of sporulation in eight strains of B. subtilis and its close relative B. amylo-
liquefaciens, including six food-spoilage isolates that differ in their spore proper-
ties. The study provides new data on sporulation gene expression in non-model, 
industrially- relevant, strains. The work reveals that sporulation gene expression 
is in general well preserved in the eight different strains of the B. subtilis group. 
Yet, several specific gene functional categories and regulons do exhibit signifi-
cant variations in gene presence/absence and expression levels. Moreover, cer-
tain genes involved in regulation of the sporulation developmental cascade are 
transcribed substantially weaker in the natural food-spoilage isolates than in the 
laboratory model B. subtilis 168. Finally, we created a list of genes with preserved 
sporulation-associated expression patterns as well as a browsable website for vi-
sualization of gene expression in the strains studied. These tools provide new 
means to select poorly studied genes with potential roles in spore formation, 
guiding further studies in this field.
Introduction
In response to nutrient depletion and/or high cellular densities, some bac-
teria from the Bacillus genus can enter sporulation, during which they pro-
duce a specialized cell type called endospore (or a spore) (1–3). Spores of 
various Bacillus species occur widely in soil and thus can easily enter the 
food production chain (4, 5). Bacterial spores exhibit extraordinary resis-
tance to extreme temperatures, radiation, desiccation and lack of nutrients 
(6–8). Therefore, they are able to survive the processing treatments used 
in the food industry, and thus contaminate food products (5, 9, 10). Spores 
are metabolically dormant, yet capable of monitoring their surroundings. In 
response to various environmental stimuli, they can return to vegetative 
growth via germination and outgrowth (11–14). Spore revival that takes 
place in the food product can lead to food spoilage, shorter product shelf 
life and financial losses for the food industry (4, 15, 16).
Spore properties, such as spore resistance, responsiveness to germi-
nants and efficient germination and outgrowth capabilities, are established 
during the complex cellular differentiation process of sporulation. In the 
well-studied soil bacterium Bacillus subtilis, spore formation takes seven to 
ten hours and involves multiple unique morphological events, tightly regu-
lated by and coupled to developmental programs of gene expression (1–3, 
17, 18) (see also Figure 3). The first morphological sign distinctive for spor-
ulation is an asymmetric cell division, which stands in contrast to a symmet-
rical division occurring during B. subtilis vegetative growth. The change of 
the septation site from the center of the cell to one of the cell poles results 
in the emergence of two distinctly-sized cellular compartments, a smaller 
forespore (or prespore) and a larger mother cell. Modified DNA segrega-
tion, during which chromosomes assemble into an axial filament, allows for 
the transfer of one copy of the chromosome into the laterally located fo-
respore. Subsequently, the forespore (surrounded by the inner and outer 
spore membranes) is engulfed by the mother cell cytoplasm through a pro-
cess of peptidoglycan rearrangements, cellular membrane movements and 
a membrane scission. Finally, the mother cell assembles the protective lay-
ers around the internalized forespore and the forespore undergoes changes 
that lead to its dehydration and dormancy. The primary germ cell wall and 
the spore cortex composed of peptidoglycan are assembled between the 
inner and outer spore membranes and the proteinaceous coat makes up 
the outermost spore layer. During forespore maturation the full spore re-
sistance is developed and after lysis of the mother cell, the mature, resistant 
and dehydrated spore is released into the environment (3, 19).
This complex morphogenesis requires extensive changes in gene ex-




































transcriptional (by a series of alternative RNA polymerase σ factors and 
transcriptional regulators) and the post-transcriptional (protein interactions 
and modifications) level (1, 3, 20). During post-exponential growth, the σH 
transition state factor and the Spo0A transcriptional regulator lead gene 
transcription towards the onset of sporulation. Because of the high energy 
costs and irreversibility of sporulation (21), the phosphorylation state and 
thus activation of Spo0A is tightly regulated by the multicomponent phos-
phorelay system, which reacts to diverse environmental signals and involves 
multiple histidine kinases, phosphotransferases, phosphatases and quo-
rum-sensing signal peptides. Gradually increasing Spo0A~P levels affect ex-
pression of different sets of genes (low- and high-threshold genes), including 
genes encoding other post-exponential transcriptional regulators (such as 
abrB or sinR), thereby determining the eventual cellular fate. A high Spo0A~P 
concentration drives gene expression towards sporulation and polar cell di-
vision, while lower levels of Spo0A~P enable use of other, less costly survival 
mechanisms such as motility, competence or biofilm formation (22, 23).
After asymmetric septation, two distinct parallel and interconnected gene 
expression programs, governed by distinct sporulation-specific σ factors, are 
established in the forespore and mother cell compartments (1–3). First, σF 
becomes active in the forespore compartment. Subsequently, σF-controlled 
forespore-specific gene expression promotes activation of σE exclusively in 
the mother cell. Transcription driven by σF and σE leads to engulfment. Af-
ter engulfment, control of gene expression is overtaken by the final pair 
of  sporulation-specific σ factors, σG and σK. Again, activation of the fore-
spore-specific σG factor occurs first and is necessary for subsequent acti-
vation of mother- cell-specific σK. Additionally, sporulation gene expression 
is fine-tuned by the compartment- and regulon-specific auxiliary transcrip-
tional regulators: RsfA for the σF regulon; GerR and SpoIIID for the σE regulon; 
SpoVT and YlyA for the σG regulon; and GerE and GerR for the σK regulon.
Individual sporulation regulons contain genes that need to be expressed at 
a precise time point and in the correct cellular compartment in order to fulfill 
their functions during spore formation. The early forespore-specific σF regu-
lon consists of approximately 70 genes that play a role in engulfment, spore 
resistance (katX), germination (gerA and gpr) and further control of sporula-
tion gene expression (24, 25). The early mother-cell σE regulon contains the 
highest number (~260) of compartmentally expressed sporulation genes (24, 
26, 27), which are involved in engulfment (spoIID, spoIIM, and spoIIP), spore 
coat assembly (cotE, spoIVA, spoVID and safA encoding spore coat morphoge-
netic proteins), cortex synthesis (spoVE, spoVD, dacB, spoVR, spmAB and murF) 
and mother cell metabolism (24). Both the late forespore and mother cell σG 
and σK regulons consist of more than 150 genes. The σG-controlled genes 
contribute to spore germination (gerB, gerK, gerD, sleB, spoVA) and resistance, 
with their products being involved in cortex peptidoglycan synthesis (cwlD 
and pda), uptake of protective dipicolinic acid (DPA) (spoVA) or DNA pro-
tection (splB, yqfS and ssp genes) (19, 25, 28). Some of the mother cell σK- 
activated genes have a role in the formation and maturation of the spore coat 
(cot genes, tgl) and the outermost crust (cgeAB and cgeCDE) (22, 28) and in 
the ultimate lysis of the mother cell (cwlC, cwlH) (29, 30).
The majority of knowledge on sporulation gene expression stems 
from studies on the model laboratory strains such as B. subtilis 168 (24, 
25, 28, 31). However, domesticated laboratory spore-formers often ex-
hibit different properties than naturally-occurring and industrially-relevant 
strains (32, 33); especially food-spoilage isolates tend to produce spores 
with higher levels of heat resistance and slower rates of germination (10, 
34–36). The high-level heat resistance of spores and weaker responsive-
ness to germinants constitute correlating traits with (at least partly) com-
mon genetic bases (34–36). While previous studies have investigated the 
diversity in the presence of sporulation-related genes among different spe-
cies and strains (17, 37–39), the conservation of gene transcription profiles 
has not been widely studied. Therefore, in this work we assessed the level 
of variation in both the presence or absence of known sporulation genes 
and the sporulation transcriptomes (by total RNA-sequencing, RNA-Seq, 
at seven stages of spore formation) between the model laboratory strains 
and several industrially-relevant food-spoilage isolates (Table 1; Figure 1) 
that produce spores with distinct heat resistance and germination proper-
ties (34–36). The strains that are compared comprise the reference model 
strain B. subtilis 168; four foodborne isolates of B. subtilis (strains B4143, 
B4146, B4072 and B4067); two foodborne isolates of B. amyloliquefaciens 
(strains B4140 and B425); and the B. subtilis B4417 strain that has been 
derived from 168 by the replacement of a ~100 kb-long genomic fragment 
by a homologous region from the B4067 food isolate (34, 35). The results 
of this work include a list of genes with conserved sporulation-dependent 
transcription and an online sporulation gene expression visualization tool 
(http://dualrnaseq.molgenrug.nl/index.php/b-sub-rna-seq) facilitating iden-
tification of new sporulation-related genes, and guiding further research on 
Bacillus sporulation.
Material and methods
Strains, growth conditions and sample collection
Strains used in this study are listed in Table 1. To visualize phylogenetic 




































prepared (Figure 1) using the PhyloPhlAn program (https://huttenhower.
sph.harvard.edu/phylophlan) based on the sequences of the 400 most con-
served microbial proteins (40). The tree was displayed using the iTOL tool 
(http://itol.embl.de) (41).
Strains were induced to sporulate by the resuspension method (31). 
Briefly, bacterial cultures were grown at 37°C in a shaking incubator 
(200 rpm) in casein hydrolysate (CH) medium (31). At an OD600 of approx-
imately 0.6, the cultures were collected by centrifugation at 6000 rpm 
for 8 minutes at room temperature and the CH medium was discarded by 
pouring. Subsequently, bacterial cells were resuspended in the same vol-
ume of pre-warmed Sterlini-Mandelstam (SM) medium (31) and continued 
to grow at 37°C with 200 rpm shaking. At various time-points of the spor-
ulation process (Figure 2), samples of bacterial cultures were collected for 
RNA extraction and for microscopic analysis. For RNA isolation, 15 ml of 
cultures was spun down for 1 minute at 12000 rpm, the medium was care-
fully discarded and cell pellets were immediately frozen in liquid nitrogen 
and kept at -80°C till use. For microscopic analyses, 300 µl of cultures was 
collected by centrifugation at 10000 rpm for 2 minutes. Collected cells 
were washed with PBS and fixed using 4% paraformaldehyde to preserve 
the cellular membranes, as described before (42). The fixed microscopic 
samples were stored at -20°C till examined by phase-contrast fluorescent 
microscopy as described below.
Phase-contrast fluorescence microscopy
Samples of paraformaldehyde-fixed sporulating cultures were investi-
gated by fluorescent phase-contrast microscopy to assess the stages 
of sporulation at the selected time-points. 1 µl of the diluted cultures 
was loaded on a 1.0% agarose microscopy slide supplemented with the 
2 µg/ml membrane dye FM1-43 (Invitrogen). Microscopy pictures were 
taken with an IX71 microscope (Olympus), a sCMOS camera, SSI Solid 
State Illumination (Applied  Precision), a 100x phase-contrast objective 
and DeltaVision softWoRx 6.1.0 (Applied Precision) software, similarly as 
described before (50). Phase- contrast bright-field images were taken us-
ing 32% APLLC white LED light and a 0.3 s exposure, while fluorescent 
images for visualization of the membrane dye were obtained by use of a 
FITC filter set (Chroma, excitation at 470/40 nm, emission at 525/50 nm), 
a 0.3 s exposure time and 50% light intensity. Obtained images were ana-
lyzed with Fiji software (http://fiji.sc/Fiji) (51).
Genome mining
For all the predicted protein sequences encoded in the sequenced genomes 
of the eight strains of B. subtilis and B. amyloliquefaciens, a protein orthol-
ogy analysis (Suppl. data 1) was performed primarily by use of OMA (52) 
and complementarily by Proteinortho (PO) (53). For the selected genes, the 
absence indicated by OMA or Proteinortho was additionally verified by nu-
cleotide sequence similarity searches after visualization of the contigs of 
the non-closed genomes in Clone Manager software (Clone Manager v8, 
Figure 1. The phylogenetic tree for the eight studied strains of B. subtilis (168, B4417, 
B4143, B4146, B4072, B4067) and B. amyloliquefaciens (B4140, B425), constructed us-
ing the  PhyloPhlAn software (40) based on sequences of the 400 most conserved mi-
crobial proteins.
Table 1. Strains of B. subtilis (Bsu) and B. amyloliquefaciens (Bam) used in this study. Spores 
produced by the eight strains differ in their heat resistance (HR) level (low-/high-level 
heat resistant spores) (10, 34).
Species Strain Spore HRlevel
Strain description/origin
(Genome accession no.) Reference
Bsu 168 low Laboratory strain (NC_000964) (34, 35, 43, 44)
Bsu B4417 high Laboratory strain derived from B. subtilis 168: 
168 amyE::SpR transduced with DNA frag-
ment from B. subtilis B4067, ranging from yitA 
to metC including Tn1546 transposon in yitF. 
Alternative name: 168HR (LJSM00000000)
(34, 35)
Bsu B4143 low Food strain - surimi (JXLQ00000000) (10, 34, 35, 45)
Bsu B4146 high Food strain - curry sauce (JXHR00000000) (10, 34, 35, 45)
Bsu B4072 high Food strain - red lasagna sauce; alternative 
name: RL45 (JXHO00000000)
(5, 10, 34, 35, 45)
Bsu B4067 high Food strain - peanut chicken soup; alternative 
name: A163 (JSXS00000000)
(5, 10, 34, 35, 
45–48)
Bam B4140 low Food strain - pizza (LQYO00000000) (10, 34, 49)




































Scientific & Educational Software, Denver, CO, USA) and/or by protein/nu-
cleotide blast searches (54) with use of relevant B. subtilis 168 sequences 
as queries. Prediction of promoter sites upstream of selected genes was 
performed using the search tool at the DBTBS database of transcriptional 
regulation in B. subtilis (55).
RNA isolation and transcriptomic analysis by RNA-Seq
Total RNA was isolated from the samples of sporulating cultures, which 
were selected based on phase-contrast fluorescent microscopic analysis, 
by phenol:chloroform extraction and precipitation with ethanol and sodium 
acetate, as described before (56). For homogenization of both mother cell 
and forespore cellular compartments, cell samples were subjected to five 
45-second-long bead-beating cycles, with at least 1 minute-long cooling on 
ice in-between the cycles. The RNA samples were sequenced by next gen-
eration directional sequencing on an Ion Proton™ Sequencer at the PrimBio 
Research Institute (Exton, PA, USA).
To enable comparison between the eight strains, the RNA sequence 
reads were mapped on the reference genome of the model strain B. subtilis 
168 using Bowtie2 (57). The generated gene (RNA) expression values in the 
form of Reads Per Kilobase per Million reads (RPKM; Suppl. data 2) were 
used to identify the highest (maximal) expression RPKM signals (Suppl. 
data 2) in individual strains for each gene during the entire time-span of 
sporulation experiments (sample points P0-P6, Figure 2) and additionally 
between sample points P0-P5 (Figure 2) for the seven non-model strains 
(B425, B4140, B4067, B4072, B4146, B4143, B4417). The subsequent 
RNA-Seq transcriptome analysis was performed with the T-REx software 
(58) available at the Genome2D server (http://genome2d.molgenrug.nl) 
(59). The T-REx Differential Expression function was used to compare the 
maximal RPKM expression values of individual genes between each of the 
non-model strains and the model reference strain, B. subtilis 168: the genes 
listed in “TopHits” exhibited significantly different (fold change ≥ 2 or ≤ -2 
for over- and under-expression of a gene, respectively; p-value ≤ 0.05) max-
imal expression levels in some of the non-model strains compared to 168. 
When under-expression of a gene [i.e., gene was transcribed significantly 
lower in the non-model strain(s) than in 168] was assessed (Suppl. data 3), 
maximal expression signals were looked up for all the strains between 
points P0-P6. When over-expression of a gene (Suppl. data 4) was assessed 
[i.e., gene was transcribed significantly higher in the non-model strain(s) 
than in 168], maximal signals were looked up between points P0-P5 for the 
non-model strains and between P0-P6 for 168. This choice of time-points 
prevented a potential overestimation of a number of over-expressed genes 
attributed to a more rapid progression of sporulation observed for some of 
the non-model strains (Figure 2). Transcription of a gene was reckoned pre-
served in the non-model strain(s) if its maximal expression reached at least 
the same level as in the reference 168 strain.
In the analysis of the individual transcriptomes, we especially focused on 
genes that are reportedly associated with sporulation in the laboratory strain 
B. subtilis 168. The set of genomic determinants of sporulation in B. subtilis 
(herein also called “main sporulation gene set”), together with their (pre-
dicted) transcriptional regulators and functions of their products, prepared 
by Galperin et al. (37), was obtained from http://www.ncbi.nlm.nih.gov/ 
Complete_Genomes/Sporulation.html. Furthermore, the set of genes with 
sporulation-dependent expression was acquired from the SporeWeb B. sub-
tilis sporulation knowledge platform [http://sporeweb.molgenrug.nl/index.
php/regulons/all-sporeweb-genes (1)]. Finally, data on gene functions and 
regulons were obtained from the Subtiwiki database on the model organ-
ism B. subtilis (http://subtiwiki.uni-goettingen.de/query.php) (60).
Mean expression values [RPKM , log2(RPKM) and rank order of gene 
expression] generated by T-Rex were used to assess the temporal changes 
in the expression levels of individual genes in each strain during the time-
span of sporulation experiments. These gene temporal expression patterns 
were visualized on the browsable website (http://dualrnaseq.molgenrug.nl/
index.php/b-sub-rna-seq) to enable comparison of the gene transcriptional 
behavior among the eight analyzed strains.
The T-REx Cluster tool was applied to uncover genes whose transcrip-
tion correlates with the progress of sporulation and with the expression of 
known sporulation players. In the two consecutive T-REx clustering analy-
ses (run-I and run-II), genes were classified into fourteen groups (clusters) 
according to their temporal expression patterns (Figure 4; Suppl. data 5). 
First, all protein-coding transcripts and miscRNAs were divided into nine 
clusters, based on the input RPKM data, in the first clustering analysis 
(run-I). Clusters 3, 4, 5 and 6 of run-I were enriched in genes that showed 
an increase in transcription after the resuspension of the bacterial cultures 
in sporulation medium. Thus, members of these four clusters were used 
as an input for the second clustering analysis (run-II). Out of the nine gene 
clusters of run-II, ones that exhibited increasing gene expression levels af-
ter the induction of sporulation in the studied strains were considered to 
be associated with spore formation. Genes of these sporulation-associated 
clusters were analyzed regarding their presence in the main sporulation 
gene set and in the SporeWeb database. Additionally, functions of their 
products were examined in the main sporulation gene set and in the NCBI 





































Different morphological stages during sporulation of eight 
strains from the Bacillus subtilis group
We induced sporulation of eight strains of the Bacillus subtilis group (Fig-
ure 1; Table 1), including six strains of B. subtilis (168, B4417, B4143, 
B4146, B4072 and B4067) and two strains of B. amyloliquefaciens (B4140 
and B425) by resuspension of cell cultures in a sporulation-inducing me-
dium. All strains sporulated under the conditions used. However, different 
time periods to reach various morphological stages of sporulation (phases 
P0-P6) were required per strain, as assessed by phase-contrast micros-
copy on cells with membranes visualized by a fluorescent membrane dye 
(Figure 2). The majority of the strains (168, B4417, B4146, B4072, B4067, 
B4140, B425) needed 2-3 hours after resuspension in the sporulation me-
dium to complete the formation of an asymmetric septum (phase P2 Septa-
tion). They also required at least 6 (strain B4146) or 7-8 hours (168, B4417, 
B4072, B4067, B4140, B425) to form engulfed phase-bright dehydrated 
forespores (phase P6. Phase-bright). Exceptionally, B4143 cells exhibited 
very fast sporulation, undergoing asymmetric septation (P2) within only 
1 hour and producing phase-bright spores (P6) in just 5 hours after resus-
pension in the sporulation medium. The molecular basis of the observed 
variation in timing of progression of sporulation among the tested strains 
is currently unknown and may differ for the individual strains. To adjust 
for these inter-strain differences, the RNA sequencing samples that reflect 
individual morphological phases of spore formation were taken at various 
time-points for different strains (Figure 2B), which were selected on a basis 
of fluorescent phase-contrast microscopy (Figure 2A).
The eight strains vary in presence/absence as well as 
transcription levels of specific genes involved in 
control of transition state and sporulation initiation
To assess conservation of factors involved in determination of the sporula-
tion cell fate among the studied B. subtilis and B. amyloliquefaciens strains, 
we analyzed the presence and transcription of genes that are known to 
play important roles in regulation of gene expression upon the transition 
state, sporulation initiation and progression of sporulation in the reference 
laboratory strain, B. subtilis 168 (1, 18, 23, 37, 62) (Table 2; Suppl. data 6). 
Besides the sporulation regulatory network genes that have been listed 
in the genomic determinants of sporulation set (herein also called “main 
sporulation gene set”) (37) (Suppl. data 7), several additional genes with a 
direct or indirect influence on phosphorelay and sporulation gene expres-
sion were included in the analysis (Suppl. data 6).
The key phosphorelay genes, spo0A, spo0B and spo0F, which respec-
tively encode the Spo0A master transcriptional regulator of sporulation 
initiation and the two phosphotransferases that transfer a phosphate 
Figure 2. Morphological phases (P0-P6) of sporulation included in the RNA-Seq anal-
ysis (A) and time-points at which RNA-Seq samples reflecting individual sporulation 
phases were collected for each strain (B). P0. Resuspension = samples collected for all 
strains directly after resuspension in the poor sporulation medium (time-point 0 hour); P1. 
Initiation = onset of sporulation before asymmetric division, samples collected between 
0.5 and 1.5 hour after resuspension depending on the strain; P2. Septation = visible asym-
metric septum, samples taken 1-3 hours after resuspension; P3. Engulfment = ongoing 
engulfment, samples collected 2-4 hours after resuspension; P4. Phase-dark = completed 
engulfment (engulfed phase-dark forespores are surrounded by the mother-cell cyto-
plasm), samples taken 3-5 hour after resuspension; P5. Maturation = ongoing dehydration 
of the forespore core seen as a transition of phase-dark forespores into phase-bright fo-
respores, samples collected 4-6 hours after resuspension; P6. Phase-bright = sporulation 
almost completed, mother-cells contain phase-bright dehydrated forespores, samples 


































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































group onto Spo0A (and thus, enable Spo0A activation), are present in all 
studied strains. The three genes were expressed to the same or somewhat 
(2.9-4.3-fold) higher level in the seven non-model strains when compared 
to the reference strain, B. subtilis 168 (Table 2; Suppl. data 6). In contrast, 
genes for the KinA-KinE sensor kinases, which sense various environmen-
tal signals and phosphorylate the phosphorelay components, and genes in-
volved in regulation of the sensor kinases’ activities showed a substantial 
diversity regarding both presence/functionality and transcription levels. 
The putative kinB product in B. amyloliquefaciens B425 exhibits only 58% 
amino acid sequence identity to the reference KinB sporulation kinase 
from B. subtilis 168 (Table 2; data not shown). Moreover, the kinC gene, 
which encodes the kinase with a main role in initiation of biofilm formation, 
is truncated in B. subtilis B4067 due to the presence of a premature stop 
codon (Table 2; data not shown). Four kin genes also showed slightly vari-
able expression levels among the tested strains, with kinB, kinC and kinD 
being expressed 4.7-6.2-fold lower in B. amyloliquefaciens B4140 and kinA 
being expressed up 2.8-4.7-fold higher in B. amyloliquefaciens B425 and 
B4140. The lrpA and lrpB genes, which encode transcriptional regulators 
involved in the repression of KinB-dependent sporulation (63), are pres-
ent solely in 168 and its derivative B4417. Additionally, other regulators 
of kinase-dependent sporulation initiation pathways, such as sda (64) and 
kbaA (65), were transcribed 4.5-8.3-fold stronger in the B. amyloliquefa-
ciens strains than in the reference.
Relatively low conservation of presence and expression in the eight 
strains was also observed for genes involved in the control of the Spo0A 
phosphorylation state that encode phosphatases (Spo0E or multiple Rap 
response regulator aspartate phosphatases) and the Phr quorum-sensing 
signal peptides (66). According to the orthology detection software, eleven 
of the rap and phr genes appear absent in certain strains, especially the two 
B. amyloliquefaciens isolates. Moreover, the gene for the Spo0E phospha-
tase, with an ability to dephosphorylate Spo0A~P (67), was expressed 8.4- 
and 6.3-fold lower in B. amyloliquefaciens B425 and B4140, respectively. 
Multiple other regulators are known to drive gene expression in B. sub-
tilis during the transition from exponential growth to stationary phase, di-
rectly or indirectly influencing expression of genes involved in sporulation 
(initiation) (1, 62). Genes encoding these regulators are in general present in 
the analyzed strains, with an exception of sinR in B. amyloliquefaciens B425, 
which might be (partly) non-functional due to the truncation at the 3’ termi-
nus (Table 2; data not shown). Most of these genes showed similar or moder-
ately different (below 5.0-fold) expression levels in non-model strains when 
compared to 168, including the genes for the alternative σH factor [which 
governs transcription of early stationary phase genes including ones crucial 
for sporulation (68)] and the AbrB and ScoC transition state regulators (Ta-
ble 2; Suppl. data 6). Stronger differences in expression were observed for 
the degU, slrR, abh and paiB genes. degU, which codes for the main regu-
lator of motility (62), was expressed 3.4-7.2-fold stronger in five analyzed 
strains (B425, B4140, B4067, B4072, B4146) than in B. subtilis 168. slrR, 
product of which stimulates transcription of sporulation and competence 
genes, was expressed 5.1-fold higher in B4140. In contrast, abh, involved in 
control of expression of genes implicated in biofilm formation, resistance to 
and synthesis of antimicrobials (69–72), and paiB, encoding a repressor of 
sporulation and degradative enzyme and motility genes (73), were respec-
tively transcribed 6.5-17.7 and 22.7-48.7-fold weaker in B. amyloliquefaciens 
B4140 and B425 than in the reference strain (Table 2; Suppl. data 6).
Genes with important roles in regulation of the 
sporulation gene expression program are absent or 
differentially transcribed among the strains studied
Once σH and high levels of Spo0A~P initiate sporulation followed by asym-
metric cell division, two parallel but interconnected gene expression pro-
grams are established in the forespore and mother-cell compartments, con-
trolled by σF and σE before engulfment and σG and σK after engulfment (1–3) 
(see also Figure 3). Additionally, the secondary transcriptional regulators 
(RsfA, GerR, SpoIIID, SpoVT, YlyA, SplA and GerE) fine-tune expression of a 
part of the sporulation genes.
Presence and transcription of genes that encode the four sporulation- 
specific σ factors and the seven auxiliary regulators are in general pre-
served among the eight studied strains (Table 2; Suppl. data 6). One of the 
major differences found among the tested strains is the occurrence of the 
sigK gene, coding for σK, in two distinct genetic arrangements. In B4417, 
B4143, B4146, B4067 and B425, the gene is split into two parts by the 
sigK intervening (skin) element, similarly as it was previously described for 
the model strain B. subtilis 168 (74). In contrast, in B4072 and B4140 the 
sigK open reading frame (ORF) is undisrupted. Consequently, these two iso-
lates do not contain spoIVCA, which encodes a DNA recombinase needed 
for excision of the skin element and creation of functional sigK (74). Strong 
differences were also observed within the 3’-terminal sequence of the gerE 
gene (which encodes the secondary transcriptional regulator of a part of σK- 
dependent genes (28)), which might affect its functionality in some of the 
B. subtilis foodborne isolates. Moreover, the C-terminal part of the split sigK 
gene generated a 7.8-lower maximal expression signal in B. subtilis B4146 




































Activity of the sporulation-specific σ factors is strictly regulated at the 
post-transcriptional level, and coupled to sporulation-related morphologi-
cal changes via mechanisms such as proteolytic processing, protein interac-
tions or (de)phosphorylation (1–3). Genes encoding proteins that take part 
in control of σ factors’ activity, such as (anti)-anti-sigma factors, signaling 
compounds or components of the secretion channel between the two com-
partments, are present in all eight strains. Yet a few of them were transcribed 
substantially lower in the B. amyloliquefaciens strains than in B. subtilis 168 
(Table 2; Suppl. data 6). The strongest under-expression, 46.0- and 61.5-fold, 
was observed for csfB in B4140 and B425, respectively. This gene plays a 
role in the proper timing of σE and σG activities in B. subtilis (75). Also bofC, 
which is involved in the control of σK activation (76), was expressed later [P3 
in comparison to P0 in B. subtilis (Suppl. data 2, worksheet “RPKM-mean”; 
Suppl. data 6)] and substantially (13.2-fold) or moderately (4.6-fold) weaker 
in B4140 and B425. The other three genes that were somewhat under- 
expressed comprise: spoIIR (4.2-fold in both B425 and B4140) encoding a 
signaling protein for proteolytic activation of σE (77); spoIIIAB (6.2-fold in 
B4140) encoding a component of the secretion system required for σG ac-
tivation (78); and scoC (3.7- and 3.2-fold in B425 and B4140, respectively) 
encoding the (mentioned above) pleiotropic regulator that negatively con-
trols the sigK expression (79). Additionally, transcription of ctpB, which is 
required for the correct timing of σK activation (80, 81), was strongly de-
layed in the two B. amyloliquefaciens isolates [starting at P6 in comparison 
to P2-P3 in the B. subtilis strains (Suppl. data 2, worksheet “RPKM-mean”; 
Suppl. data 6)], although the expression level did not significantly differ 
among the analyzed strains.
Early sporulation-specific regulons are more conserved 
with regard to gene presence and transcription 
levels than the stationary phase and late sporulation-
specific regulons
Transcriptional regulators and proteins that control their activities ensure 
that genes with various roles in spore formation are expressed at the cor-
rect period of time and in the proper cellular compartment (1–3). To de-
termine conservation of the selected sporulation- (σF, RsfA, σE, SpoIIIID, σG, 
SpoVT, σK, GerE and GerR) and transition state (AbrB, σH, Spo0A, ScoC and 
SinR) regulons (Suppl. data 8), presence and transcription were analyzed for 
genes that are members of specific regulons according to the  SporeWeb 
knowledge platform on B. subtilis sporulation (1) and the  Subtiwiki B. sub-
tilis database (60).
The analysis revealed different levels of conservation regarding gene 
presence and transcription for various sporulation-related regulons. The 
early and intermediate sporulation regulons were on average more pre-
served than the late sporulation and most of the transition state regulons 
(Table 3; Figure 3). Thus, regulons of the Spo0A master regulator of sporu-
lation and of the first compartment-specific sporulation σ factor (σF) were 
among the most conserved ones, with 81-86% genes present in all strains 
and 71-74% genes transcribed in all strains to at least the same level as in 
B. subtilis 168. Also regulons governed by the two subsequent compart-
ment-specific sporulation σ factors, σE and σG, and by the SpoIIID and SpoVT 
auxiliary regulators (which control subsets of σE- and σG-dependent genes, 
Table 3. Percentages of absent, under-transcribed and over-transcribed* genes from dif-
ferent sporulation and transition state regulons in the seven non-model strains when 




















































































ScoC 26 23 19 4 4 0 8 4 8 8 0 50 46 23 15 23 38 23 19 8 12 69 19 69 69 54 4 12 19 4 0
SinR 40 15 8 8 8 5 3 0 5 3 0 40 35 15 15 13 33 3 15 0 0 68 33 55 55 40 18 10 8 10 0
AbrB 246 52 37 41 37 38 26 21 25 22 2 39 22 23 20 15 12 3 8 4 1 26 12 22 0 17 0 4 0 0 0
SigH 102 29 15 21 19 21 10 9 7 6 1 32 22 17 14 15 13 4 9 0 2 54 26 45 40 32 18 11 12 4 1
Spo0A 133 19 16 17 14 15 13 7 13 13 0 29 17 21 15 17 11 2 5 4 8 44 33 29 23 23 24 8 11 5 1
SigF 72 14 10 10 10 8 1 7 3 6 0 26 0 26 21 21 0 0 0 0 0 21 13 15 10 11 8 4 8 0 1
RsfA 4 0 0 0 0 0 0 0 0 0 0 50 0 50 25 50 0 0 0 0 0 25 25 25 25 0 0 0 25 0 0
SigE 273 27 10 22 19 18 7 7 3 2 1 24 3 21 13 15 2 1 1 1 0 20 9 15 12 12 5 3 5 1 0
SpoIIID 133 24 6 19 17 14 5 5 1 1 1 22 3 19 11 13 2 2 2 1 0 23 12 17 14 16 8 3 6 2 0
GerR 26 42 19 38 27 38 19 8 8 4 4 38 19 27 19 19 12 8 8 4 0 0 0 0 0 0 0 0 0 0 0
SigG 159 26 18 18 16 15 11 13 8 2 1 25 3 23 16 18 1 0 1 1 0 11 6 8 4 7 4 3 4 2 0
SpoVT 65 18 11 14 11 12 9 6 2 2 0 20 3 17 11 14 2 0 0 2 0 8 0 8 6 5 0 0 0 0 0
SigK 203 40 19 31 30 26 13 11 6 5 2 29 10 23 21 14 7 0 3 1 0 8 2 6 4 4 0 1 1 1 0
GerE 118 39 22 28 26 21 14 14 6 7 4 31 12 23 20 13 10 0 2 2 0 5 1 4 3 3 0 0 1 0 0
* Under-transcribed and over-transcribed in relation to expression values in the reference strain, 
B. subtilis 168. Percentages of absent or differentially expressed genes in relation to total num-
ber of genes that belong to the specific regulon according to Subtiwiki and SporeWeb (Total) 
were calculated for the seven individual strains (B. amyloliquefaciens B425, B4140; B. subtilis 
B4067, B4072, B4146, B4143 and B4417) and for the three groups of strains: i) ALL = eight 
studied B. subtilis and B. amyloliquefaciens strains; ii) Bsu = five studied non-model B. subtilis 
strains; and iii) Bam = two studied B. amyloliquefaciens strains. To be qualified as absent, under- 
or over-transcribed in the ALL, Bsu or Bam group, a gene had to be absent (according to the 
orthology detection analysis) or differentially expressed (according to T-REx TopHits; ≥ 2.0-fold 




































respectively) were well-preserved regarding both gene presence (73-82% 
genes present in all strains) and transcription (75-80% genes transcribed to 
at least the same level as in B. subtilis 168). In contrast, regulons of the final 
compartment-specific σ factor (σK) of the GerR and GerE auxiliary spor-
ulation regulators (which govern subsets of σE- and σK- or σK-dependent 
genes, respectively) and of the AbrB transition state regulator were con-
served relatively weakly regarding gene presence (48-61% gene present). 
In addition, the AbrB and GerR regulons exhibited a substantial number 
of under- transcribed genes in at least one of the studied strains (39% and 
38%, respectively). Regulons of other analyzed transcriptional regulators 
that are active during post-exponential growth are rather well conserved 
regarding gene presence (71-85%). However, a significant fraction of their 
genes was expressed either weaker (32-50%) or stronger (31-69%) in at 
least one of the tested non-model strains than in B. subtilis 168.
The most variation in gene presence and transcription among the stud-
ied strains was observed for the two B. amyloliquefaciens isolates and, in 
case of the transition state regulons, also for B. subtilis B4067. In particular, 
the σF, σE, SpoIIID, SigG, SpoVT regulons showed barely any gene under- 
expression (0-3%) in the five individual B. subtilis strains, in contrast to 
17-26% under-transcribed genes in the individual B. amyloliquefaciens strains.
Genes involved in cell wall metabolism, spore germination, 
spore coat build-up and detoxifying processes show 
relatively high level of diversity in presence and 
transcription
Sporulation genes encode products that convey various functions re-
quired for the production of a dormant, resistant spore with an ability to 
resume vegetative growth via germination and outgrowth in response to 
growth-favoring conditions. To determine conservation of genes with di-
verse roles in spore formation in the eight studied strains, we analyzed the 
presence and transcription of 490 genes known from B. subtilis 168 that 
belong to 15 functional categories in the set of genomic determinants of 
sporulation (37) (Table 4; Suppl. data 7). Part of the genes from the “General 
sporulation genes”, “Spo0A phosphorylation”, “Transcriptional regulation”, 
“Signaling” and “Cell wall metabolism” categories are described above, due 
to their involvement in regulation of sporulation (initiation) gene expression 
(Table 2; Suppl. data 6).
The most conserved functional categories of the main sporulation gene 
set constitute “Cell division, DNA replication” (18 genes) and “General 
sporulation genes” (69 genes), with 93%-100% of their genes present and 
81-89% transcribed in all the tested strains to at least the same level as in 
the reference strain 168 (Table 4). The first category consists of genes that 
either play a general role in cell division and DNA replication or are import-
ant for adaptation of these processes to polar division typical for sporu-
lation. The latter category lists genes with essential functions in different 
aspects of sporulation (e.g., main transcriptional regulation, engulfment or 
control of coat and cortex assembly), including multiple spo genes that are 
indispensable for sporulation (82). The protein orthology analysis together 
with manual verification revealed the absence or truncation of five genes 
from the “General sporulation genes” category in the B425, B4140, B4067 
and/or B4072 foodborne isolates, including: i-ii) spoIVCA and the open 
reading frame for the C-terminal part of sigK (see above); iii) spo0M, coding 
for the onset of sporulation control protein (83); iv) spoVFB, encoding a dipi-
colinate synthase subunit B (84); and v) spoVK, involved in spore maturation 
Figure 3. Preservation of the selected transition state and sporulation regulons, regard-
ing levels of the absent and under-transcribed genes in the seven analyzed non-model 
strains when compared to B. subtilis 168. Dark blue indicates the most preserved regu-
lons and dark red the least preserved regulons in the seven strains. The relatively weakly 
preserved σK, GerE and GerR regulons contain multiple genes encoding spore coat and 




































(85) (Suppl. data 7). Moreover, fifteen genes within the “General sporula-
tion genes” and “Cell division, DNA replication” categories were “under- 
expressed” in some of the strains, especially in B. amyloliquefaciens B4140 
and B425, including genes involved in phosphorelay (spo0E); transcriptional 
control (spoIIR, N-terminal part of sigK, bofC, sigH); engulfment (spoIIB and 
spoIIIAB); spore coat assembly (spoVID, safA, spoVC, spoVS); spore heat re-
sistance (spoVIF); and DNA repair (sbcC) (Suppl. data 7).
“Signaling” (7 genes) and “Spore coat maturation” (17 genes) show high 
conservation of gene presence (94-100%). However, they contain a moder-
ate (29%) and high (65%) fraction, respectively, of genes with significantly 
weaker expression in the non-model strains than in the reference, B. subtilis 
168. The “Signaling” category consists of genes that encode proteins with 
signaling and sensory domains. Two of these genes, rsbV and rsbW, involved 
in control of the general stress response σB factor (86), were transcribed 
3.5-15.0-fold weaker in six or five tested non-model strains, respectively, 
when compared to 168. Among “Spore coat maturation” genes, which take 
part in synthesis of the spore coat polysaccharides (sps genes) and matu-
ration of the coat outer layer (cge genes), one gene (cgeC) is truncated in 
B4143 and 11 were transcribed to a lower extent in B425, B4140 and/or 
B4067 strains (Suppl. data 7).
The other four functional categories, ”Transcriptional regulation” (19 genes), 
“Spore cortex” (16), “Transport” (25) and “SASPs” (small acid- soluble pro-
teins; 18 genes), are moderately preserved considering both gene presence 
(79-83% present in all strains) and transcription (72-79% genes expressed to 
the same or higher levels in all strains as in 168).
Among the secondary sporulation-related “Transcriptional regulation” 
genes, four genes (lrpA, lrpB, sinR, gerE) are absent or contain significant 
sequence differences (see above, Table 2). The other four genes (paiB, abh, 
sinI, and scoC) were weakly transcribed in some of the non-model strains 
(see above, Table 2). The “Spore cortex” category contains genes that par-
ticipate in the assembly or degradation of the peptidoglycan spore cortex. 
Two of the genes that encode N-acetylmuramoyl-L-alanine amidases (30, 
87) are absent in some strains: cwlA (located on the skin element) and cwlH 
(involved in mother-cell lysis) are missing in B4072 and B4140 or B4140 
and B425, respectively. Moreover, four genes, which encode the SleB ger-
mination cortex lytic enzyme, the StoA cortex synthesis enzyme, the CoxA 
cortex protein and the CwlH amidase, showed lower expression in B425, 
B4140 or B4067. The “SASPs” category comprises genes of small acid- 
soluble proteins, which protect spore DNA and provide amino acids for the 
vegetative growth revival (8). The sspA and sspB genes encoding the two 
main SASPs gave comparably high expression signals in all analyzed strains, 
while genes of minor SASPs are absent or were under-transcribed in the 
B425, B4140, B4067 or B4143 isolates. Within “Transport”, four (putative) 
transporter genes (ycgF, hbuT, ytrC, ytrD) are absent or likely non-functional 
in B425, B4140, B4067 and/or B4072. Moreover, the dppA-E operon, in-
volved in dipeptide transport and adaptation to nutrient depletion (88), was 
transcribed significantly weaker in strains B425, B4140, B4067 and espe-
cially B4143. In contrast, the oppA-F operon, which encodes a oligopeptide 
transport system implicated in signaling in sporulation initiation (89), was 
expressed the strongest in B. amyloliquefaciens B425 and B4140.
“Cell wall metabolism” (51 genes), “Spore germination” (25) and “Un-
characterized (S COGs)” (108) show a relatively high level of diversity, with 
30-36% genes absent and 20-33% genes under-expressed in at least one 
of the strains (Table 4). Finally, “Spore coat” (67), “House cleaning” (12), the 
“Spo0A phosphorylation” (10) and “Poorly characterized (R COGs)” (30) 
are the most variable categories: 34-42% of their genes are missing and 
30-36% were under-transcribed in some of the tested strains.
The “Cell wall metabolism” genes were particularly weakly preserved in 
the two B. amyloliquefaciens strains, with 13 genes absent and 11 under- 
expressed. The “Spore germination” genes were mainly present in the eight 
strains, with an exception of the yndDEF and yfkQRT operons in B425, 
B4140, B4067, B4072 and B4146, encoding two putative germinant recep-
tors (GRs) for nutrient germination triggers (90). Moreover, genes coding for 
certain subunits of the GRs with proven functionality in B. subtilis 168 were 
transcribed 5.7-33.3-fold lower in the B. amyloliquefaciens isolates.
“Spore coat” showed a similar level of variation in gene presence/absence 
(22% genes absent) in the both B. amyloliquefaciens (Bam) and B. subtilis 
(Bsu) groups of strains. In contrast, substantially more genes were under- 
transcribed in the two B. amyloliquefaciens isolates (31%) than in the five 
B. subtilis strains (9%). Next to B4140 and B425, the missing and poorly 
expressed genes were predominantly observed for B4067, B4072 and to 
a lesser extent B4146. The cotN (tasA) gene, which encodes a protein with 
a double function as an antimicrobial spore coat component and the main 
fiber-forming constituent of biofilm matrix (91, 92), showed a particularly 
huge variation in expression levels, with 4.0-39.4-fold under-transcription 
in B. subtilis B4146, B4072 and B4067 and 4-11-fold over-transcription in 
B. amyloliquefaciens B4140 and B425 (Suppl. data 7). In the “House clean-
ing” category, which consists of genes involved in detoxification of various 
toxic factors, a low level of conservation was reflected mostly by the gene 
absence, with 42% of genes (e.g., arsB and arsC localized on the skin ele-
ment) missing in at least one of the strains.
The highest level of gene over-expression in the non-model strains in 
relation to the reference laboratory strain  168 was observed for the “Cell 




































“House cleaning” (42%) and Transport (36%) categories. In the case of “Cell 
division, DNA replication” and “House cleaning”, higher transcription oc-
curred in both the B. subtilis (Bsu, 33%) and B. amyloliquefaciens (Bam, 28 
and 42%, respectively) groups of strains. In contrast, “Transport” genes 
were over-expressed predominantly in B. amyloliquefaciens (Bam, 36%).
Table 4. Percentages of absent, under-transcribed and over-transcribed* B. subtilis genes 
from 15 functional categories** of the main sporulation gene set (37) in the seven non-





















































































Division 18 0 0 0 0 0 0 0 0 0 0 11 0 11 6 6 0 0 0 0 0 44 33 28 22 17 11 0 17 6 0
General 69 7 3 6 3 4 1 1 0 0 0 19 6 14 12 10 0 1 4 0 1 25 14 16 12 16 13 0 6 0 0
Transcrip. 19 21 16 16 16 11 16 16 11 11 0 21 5 21 21 21 0 0 5 0 0 26 5 26 26 11 5 0 5 0 0
Phosph. 10 40 10 30 30 20 10 0 0 0 0 30 0 30 0 30 0 0 0 0 0 20 0 20 20 20 0 0 0 0 0
Signal. 7 0 0 0 0 0 0 0 0 0 0 29 29 29 29 29 29 0 29 29 14 29 14 14 14 0 0 0 14 0 0
SASPs 18 17 6 17 11 17 6 0 0 6 0 28 6 22 17 22 0 0 0 6 0 6 0 6 0 6 0 0 0 0 0
Cortex 16 19 6 19 13 13 0 6 0 0 0 25 6 19 13 6 6 0 0 0 0 13 0 13 13 13 0 0 0 0 0
Coat 67 34 22 22 21 19 15 16 12 7 4 36 9 31 22 21 4 1 3 3 0 4 0 4 1 4 0 0 0 0 0
Coat mat. 17 6 6 0 0 0 0 0 0 6 0 65 12 65 65 29 12 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Germ. 25 36 24 28 24 20 24 16 12 0 0 20 0 20 16 16 0 0 0 0 0 4 0 4 4 0 0 0 0 0 0
Cell wall 51 33 12 25 25 12 6 6 4 4 2 25 8 22 16 16 4 0 2 2 0 20 12 12 10 8 4 0 0 6 2
H. clean. 12 42 25 25 25 8 0 25 0 17 0 33 8 25 8 25 0 0 0 8 0 42 33 42 25 25 0 0 25 17 0
Transport 25 20 12 12 12 4 12 8 0 0 0 24 24 16 12 16 12 0 8 20 0 36 4 36 32 28 0 0 4 0 0
R COGs 30 40 27 27 23 23 20 23 10 7 7 30 17 20 20 17 7 3 7 13 0 17 7 13 13 3 3 0 7 0 0
S COGs 108 30 20 22 19 20 14 15 11 7 0 33 7 29 21 22 2 0 4 2 1 22 18 10 5 10 15 0 6 2 2
All genes 490 25 15 18 16 14 10 10 6 5 1 29 8 24 19 18 3 1 3 4 1 19 10 13 10 10 6 2 4 2 1
* Under-transcribed and over-transcribed in relation to expression values in the reference strain, 
B. subtilis 168. Percentages of absent or differentially expressed genes in relation to total num-
ber of genes that belong to the specific functional category according to the main sporula-
tion gene set (Total) were calculated for the seven individual strains (B. amyloliquefaciens B425, 
B4140; B. subtilis B4067, B4072, B4146, B4143 and B4417) and for the three groups of strains: 
i) ALL = eight studied B. subtilis and B. amyloliquefaciens strains; ii) Bsu = five studied non-model 
B. subtilis strains; and iii) Bam = two studied B. amyloliquefaciens strains. To be qualified as ab-
sent, under- or over-transcribed in the ALL, Bsu or Bam group, a gene had to be absent (accord-
ing to the orthology detection analysis) or differentially expressed (according to T-REx TopHits; 
≥ 2.0-fold difference, P-value ≤ 0.05) in at least one of the strains of the ALL, Bsu or Bam groups.
** Functional categories: Division = Cell division, DNA replication; Cell wall = Cell wall metabo-
lism; General = General sporulation genes; Phosph. = Spo0A phosphorylation; Transcrip = Tran-
scriptional regulation; SASPs = small acid-soluble proteins; Cortex = Spore cortex; Coat = Spore 
coat; Coat mat. = Spore coat maturation; H. clean. = House cleaning; Transport = Transport; 
Germ. = Spore germination; R COGs = Poorly characterized; S COGs = Uncharacterized; All 
genes = all investigated B. subtilis genes in the main sporulation gene set.
Cluster analysis reveals new candidate genes potentially 
important for sporulation in all eight strains
Besides investigation of genes with known sporulation functions, we 
searched for new candidate genes that may play a role in spore formation in 
the eight investigated strains. We used the T-REx temporal gene expression 
clustering tool (see Materials and Methods) to look for groups (clusters) of 
genes that showed a correlation between their transcriptional profiles and 
progression of sporulation in the studied strains and, hence, which may be 
involved in this differentiation process.
Figure 4. The gene clustering analysis (run-II) based on temporal transcription profiles 
during sporulation in the six strains of B. subtilis (168, B4417, B4143, B4146, B4072, 
B4067) and two strains of B. amyloliquefaciens (B4140, B425). The heatmap presents 
expression ranks of individual genes from the lowest to the highest value at seven tem-
poral points (0-6) of sporulation experiments for each strain. Gene clusters 4 (violet), 6 
(yellow) and 7 (brown) (run-II) showed the sporulation-associated expression patterns in 
the investigated strains.
In the two subsequent T-REx clustering analyses (run-I and run-II; for 
details see Materials and Methods and Suppl. data 5), encoded genes were 
classified into fourteen clusters based on their expression profiles (Figure 4; 
Suppl. data 5). In particular, cluster 4, 6 and 7 of run-II were characterized 
by an increase in gene expression levels over time-course of sporulation 
experiments, thereby concurring with progression of spore formation, in 
(at least part) of the studied strains. The three clusters contain 186, 185 




































of these 449 genes encode proteins with unknown or putative functions 
(Suppl. data 5), some (for instance, sigK, spoIIID or the spoVA operon) play 
well-documented roles in sporulation. Additionally, 241 genes (54%) have 
been listed in the set of genomic determinants of sporulation (37). The con-
currence with known sporulation players indicates that poorly-investigated 
genes of clusters 4, 6 and 7, such as ypsA, yflN, yuzM or yuzL, may also be 
involved in the spore formation process. Moreover, sporulation- associated 
expression of these genes in multiple tested strains of B. subtilis and B. am-
yloliquefaciens suggests conservation of their, likely sporulation-related, 
functions in the two bacterial species. Elucidation of a biological role of 
these genes constitutes an important subject for further investigation.
Discussion
The spore formation process and sporulation-related gene expression have 
been investigated in detail for the model laboratory strain, B. subtilis 168 
(24, 25, 28, 31). However, this domesticated strain differs in many aspects, 
including properties of its spores and abilities and preferences to use spe-
cific survival strategies, from B. subtilis strains that occur in nature (32, 33, 
93, 94), in particular ones selected by the food processing treatments (10, 
34, 35). While recent studies have addressed the question of conservation 
of presence of sporulation genes among different species and strains by 
means of comparative genomics (17, 37–39), conservation of gene expres-
sion has not been widely described. Therefore, in this study we compared 
not only the presence of sporulation genes but also their transcription be-
tween the laboratory model strain, B. subtilis 168, used as a reference, and 
non-model strains of B. subtilis (five strains) and B. amyloliquefaciens (two 
strains). Six of these strains constitute food spoilage isolates that commonly 
cause problems to the food industry (Table 1).
Our analysis revealed that both presence and expression of sporulation 
genes (Tables 2-4) are highly conserved among the eight strains. Consistently, 
75% of the main sporulation genes are present and 71% were transcribed to 
at least the same level in all the seven non-model strains as in the reference 
strain, B. subtilis 168 (Table 4). The preservation of presence and transcrip-
tion levels of genes that encode main determinants of sporulation in B. sub-
tilis 168 (Table 4) is in line with the phylogenetic relationship between the 
strains (Figure 1). Thus, the B. amyloliquefaciens isolates showed the high-
est percentages of absent (14-16%), under-expressed (18-19%) and over- 
expressed (11%) main sporulation genes (Table 4). Among the five B. subtilis 
strains, B4067 and B4072 are the most divergent from 168 regarding gene 
presence/absence (10% genes absent), while little variation was generally 
observed in gene expression levels (maximally 4% of under-transcribed 
genes in B4143 and 6% of over-transcribed genes in B4067).
Groups of genes that fulfill distinct functions in spore formation show 
different levels of variation in the gene presence and expression signals 
in the tested strains (Table 2; Table 4). Many of the functional categories 
(Table 4) that show relatively high variation in the gene presence/absence 
(e.g., ”House cleaning”, “Spo0A phosphorylation”, “Spore germination”, 
“Spore coat”, “Cell wall metabolism”) and/or transcription levels (e.g., “Spore 
coat maturation”, “Spore coat”, ”House cleaning”, “Transport”, “Spo0A phos-
phorylation”, “Signaling”) contribute to responses to environmental signals 
(“Spo0A phosphorylation”, “Spore germination”, “Signaling”), protection of 
the spores against adverse conditions (“Spore coat”, “Spore coat maturation”, 
“House cleaning”) and/or other forms of physical interactions between the 
sporulating cell/spore and its surrounding (“Transport”, “Cell wall metabo-
lism”). Thus, the relatively high variation observed for these groups of genes 
is likely related to adaptation of the strains to specific environmental niches. 
These results are largely consistent with the previous comparative genom-
ics studies performed on different sets of species and strains, which have 
reported low conservation of presence (but not of transcription) of genes 
encoding spore coat components, phosphorelay effectors, SASPs and fac-
tors involved in detoxification of deleterious compounds (37, 39).
On the other hand, the gene over-expression appeared also in the cat-
egories that were otherwise highly conserved (i.e., have few absent and 
lowly expressed genes) and that are not involved in interaction with the en-
vironment, such as “Cell division, DNA replication” (Table 4). However, the 
differences in expression were mostly moderate (< 5-fold) and thus, may 
partly result from the noise in gene transcription upon the transition state 
and/or short time-span of the peak expression of these genes.
“Cell division, DNA replication” and “General sporulation” are relatively 
well preserved, with 74-89% genes present and transcribed to at least sim-
ilar level as in the 168 strain (Table 2; Table 4). These findings are coherent 
with a crucial role of the encoded proteins in sporulation morphogenesis and 
regulation of gene expression (1, 3) and with previous reports on high con-
servation of the presence of genes that form main regulatory modules in the 
sporulation gene regulatory network (17). Still a few genes (such as csfB, bofC 
and ctpB) that are regularly present among spore-formers (37) and partic-
ipate in control of activity of sporulation-specific σ factors showed strong 
under-expression (46.0-61.5-fold for csfB; 4.6-13.2-fold for bofC) or delayed 
transcription (bofC and ctpB) in the B. amyloliquefaciens isolates when com-
pared to the studied B. subtilis strains (Table 2; Suppl. data 2; Suppl. data 6).
Differences in expression of the csfB, bofC and ctpB genes can be (at 




































that occur solely in the B. amyloliquefaciens isolates (data not shown) (49). 
For instance, one (σE-dependent) of the two promoters of the csfB gene (25, 
31) contains a single nucleotide substitution at its -10 site. Furthermore, 
according to the DBTBS analysis (55), B4140 and B425 contain a single 
σG-dependent promoter upstream of ctpB, in contrast to B. subtilis strains, 
in which ctpB is under the control of the two, σE- and σG-dependent, pro-
moters (80). Finally, in B. subtilis bofC can be expressed as a single transcript 
from the adjacent σF and σG promoters (25, 95) or be co-transcribed with 
the upstream σB–dependent csbX gene (96), whereas the B. amyloliquefa-
ciens strains lack csbX together with the preceding σB-dependent promoter 
(49). Importantly, the changes in the csfB, bofC and ctpB expression are un-
likely to strongly affect formation of viable spores. Other redundant mech-
anisms, besides CsfB, are known to regulate timing of σE and σG activities 
(75); σG-activated expression of ctpB has been reported sufficient for proper 
activation of the σK factor (80) and bofC has been shown unessential for 
completion of spore formation in the B. subtilis background (97).
Besides the gene functional categories, different sporulation and tran-
sition state regulons also show various levels of conservation among the 
tested strains (Table 3). One group of the weakly conserved regulons com-
prises the late sporulation GerR, σK and GerE regulons, in which 39-42% of 
genes are absent and 29-38% were under-expressed in at least one of the 
strains. These three regulons contain multiple genes that encode spore coat 
components, proteins involved in spore coat maturation and some germi-
nation players (24, 28, 98). Thus, their low conservation is consistent with 
relatively strong variation observed for the “Spore coat”, “Spore coat mat-
uration”, “Spore germination” and “SASPs” functional categories (Table 4). 
Moreover, alternations in gene presence or expression within the late spor-
ulation regulons are less likely to have detrimental effects on spore forma-
tion than changes in the early sporulation regulons (17). Consequently, the 
early and intermediate sporulation regulons showed higher conservation 
concerning both gene presence and transcription (Table 3).
Another weakly preserved group constitute the transition state regu-
lons that, unlike the regulons of Spo0A and σH, do not act as a main driv-
ing force in sporulation initiation, i.e., the AbrB regulon (52% genes absent, 
39% under-transcribed) and the regulons of ScoC (99) and of the SinR bio-
film master regulator (100) (40-50% under-transcribed genes). Variation in 
this group of regulons could result from different preferences of individual 
strains for the use of specific survival strategies in response to environ-
mental triggers, similarly as B. subtilis 168 exhibits enhanced competence 
levels and declined biofilm formation and motility (32, 33). Indeed, B. amy-
loliquefaciens strains are often better biofilm-formers than B. subtilis strains 
(101), which could explain over-expression of biofilm (data not shown) and 
SinR-regulated genes in the B4140 and B425 isolates (Table 3). The po-
tential bias of the studied strains in use of specific survival mechanisms is 
further supported by the variation in presence and transcription of genes 
coding for phosphorelay sensor kinases, Rap response phosphatases and 
Phr quorum-sensing signaling peptides (Table 2; Suppl. data 6).
Differences in expression of the individual regulons (Table 3) cannot be 
easily coupled to transcription levels of the main regulatory genes (Table 2; 
Suppl. data 6) and hence, their origin remains unknown. Expression signals 
of the regulatory proteins do not correlate with their activities, which are 
usually controlled at the post-transcriptional level (1, 3, 75, 76). Additionally, 
individual regulons partly overlap as genes are often under the (direct and 
indirect) control of multiple transcriptional regulators (1, 17). Such overlaps 
further add to the complexity of the sporulation gene expression network.
In conclusion, in this study we investigated the conservation of sporu-
lation genes not only with regard to their genomic presence, but also con-
cerning their transcription in the model organism B. subtilis 168, its deriv-
ative B4417 and six natural strains of B. subtilis and B. amyloliquefaciens, 
isolated from spoiled food products. Therefore, this work extends the 
knowledge on sporulation gene expression from the domesticated strain 
168, adapted to the laboratory conditions, to industrially-relevant isolates 
that exhibit distinctly different (spore) properties. First of all, the analyses 
performed reveal that expression of sporulation genes is in general well 
preserved in the tested strains with an exception of specific gene func-
tional categories and regulons that are involved in environmental inter-
actions. This variation in expression of certain groups of genes likely re-
flects adaptation of individual strains to their ecological niches. Secondly, 
we demonstrate that genes with important roles in the regulation of the 
sporulation gene expression program can still exhibit significantly lower or 
differently timed expression in some strains. Such differences can often 
be explained by analysis of the gene promoter regions as shown for csfB, 
ctpB and bofC. Thirdly, the prepared browsable website (http://dualrnaseq.
molgenrug.nl/index.php/b-sub-rna-seq) provides a tool for the investiga-
tion of expression of selected (groups of) genes and can be used to inspect 
the preservation of the gene transcriptional behavior in the eight strains. 
Therefore, it can provide clues about the gene dispensability or potential 
importance for sporulation in the B. subtilis group of organisms. Finally, the 
list of genes that show sporulation- dependent transcription in all or part of 
the analyzed strains, obtained using the clustering tool on the T-REx RNA-






































Supplementary Infomation to Chapter 3 is available online at the Molgen 
website: http://www.molgenrug.nl/index.php/bacillus/antonina-krawczyk
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Spore germination shows a large inter-strain variability. Spores of certain Ba-
cillus subtilis strains, including isolates from spoiled food products, exhibit dif-
ferent germination behavior from spores of the well-studied model organism 
Bacillus subtilis 168, often for unknown reasons. In this study, we analyzed 
spore germination efficiencies and kinetics of seventeen B. subtilis strains with 
previously sequenced genomes. A subsequent gene-trait matching analysis re-
vealed a correlation between a slow germination phenotype and the presence 
of a mobile genetic element, i.e., a Tn1546-like transposon. A detailed investiga-
tion of the transposon elements showed an essential role of a specific operon 
(spoVA²mob) in inhibiting spore germination with nutrients and with the cationic 
surfactant dodecylamine. Our results indicate that this operon negatively in-
fluences release of Ca-DPA by the SpoVA channel and may additionally alter 
earlier germination events, potentially by affecting proteins in the spore inner 
membrane. The spoVA²mob operon is an important factor that contributes to in-
ter-strain differences in spore germination. Screening for its genomic presence 
can be applied for identification of spores that exhibit specific properties that 
impede spore eradication by industrial processes.
Introduction
In response to starvation, Gram-positive Bacilli and Clostridia can produce 
resistant and metabolically dormant (endo)spores through the process of 
sporulation (1–3). Protective layers, such as a proteinaceous coat, a pep-
tidoglycan cortex and a dehydrated spore core, enable dormant spores to 
withstand external stresses such as extreme temperatures, radiation, desic-
cation or harmful chemicals (4). This exceptional resistance of spores allows 
bacteria to survive adverse conditions and spread between environmental 
niches (5). When exposed to specific nutrient or non-nutrient germination 
triggers, spores can undergo the process of germination and the emerg-
ing cells can resume vegetative growth (6–11). The germination process is 
characterized by a rapid spore rehydration, followed by the restoration of 
metabolic activity and the loss of stressor resistance (6).
Besides the ecological significance as transmission capsules that allow 
for bacterial survival, spores are highly relevant for industry and medicine. 
Some spore-formers, such as Bacillus anthracis, Bacillus cereus, Clostridium 
perfringens or Clostridium difficile, are human pathogens and their spores 
often facilitate spreading of disease (12). Spores are also a major concern 
to the food industry as heat regimes applied to ensure food safety are fre-
quently insufficient for spore inactivation (13–16). When spores of various 
Bacillus and Clostridium species survive such processes and germinate under 
conditions that support growth, these organisms can cause food spoilage, 
leading to significant economic losses (17–19) and can in some cases be 
the cause of foodborne diseases (20). In contrast, commercially produced 
Bacillus spore products are increasingly applied as natural insecticides for 
crop protection or as probiotics (21–23).
A thorough understanding of the spore germination processes is ex-
tremely important for both the eradication and the utilization of bacterial 
spores. On the one hand, spores need to resume vegetative growth via ger-
mination to exert their deleterious or beneficial effects. On the other hand, 
germination initiation is accompanied by the loss of spore (heat) resistance 
(4, 24) and therefore facilitates inactivation of spores (25, 26).
Germination is commonly induced through a response to specific nu-
trients by germinant receptor proteins (Ger receptors, GRs) located in the 
inner membrane (IM) of the spore (27–29). This process is positively influ-
enced by a moderate heat treatment prior to exposure to nutrients (the 
so-called heat activation, HA), which is believed to act either directly on 
GR proteins or indirectly on the spore IM (30). In the gram-positive model 
organism B. subtilis 168, three functional GRs consisting of 3 or 4 subunits 
each (subunit A, B, C and D) have been characterized (7, 31, 32). GerA re-



































germination response to a mixture of L-asparagine, glucose, fructose and 
potassium ions (AGFK) (27, 33). Various GRs form clusters (germinosomes) 
in the spore IM, together with another membrane protein GerD, which is 
required for full functionality of GRs (29, 34–37). Moreover, six coat pro-
teins (GerPA-F) provide permeability of the spore coat to the nutrient ger-
minants (38, 39). After germination initiation, dipicolinic acid and Ca²⁺ ions 
(Ca-DPA) are released from the spore core in a process that involves SpoVA 
proteins, which presumably form a channel in the IM (40–43). This initiates 
rehydration of the spore core, followed by degradation of the protective 
peptidoglycan cortex layer by two cortex lytic enzymes, SleB and CwlJ (44). 
Various non-nutrient germinants, such as exogenous Ca-DPA, the cationic 
surfactant dodecylamine or high hydrostatic pressure can also trigger ger-
mination via slightly different mechanisms (7).
Strong variations in germination kinetics, germination efficiency, opti-
mal heat-activation conditions and germination stimuli to which spores re-
spond are often observed among spores of different species and strains (45, 
46). This variability is currently attributed to differences in types, sequences 
and numbers of spore germination proteins and in general spore properties, 
such as core water content or the level of coat protein cross-linking (45, 
47–49). The majority of our knowledge on spore germination and its vari-
ability is derived from studies using model spore-formers that are adapted 
to laboratory conditions. Importantly, spore germination behavior of such 
strains does not fully reflect that of strains associated with foods and other 
natural environments. Food processing can support selection of strains 
whose spores exhibit properties that increase their survival, such as ele-
vated heat resistance or increased dormancy (15, 18, 50, 51).
Here, we applied gene-trait matching techniques to unravel the ge-
netic basis of the variety in spore germination between recalcitrant food- 
spoilage isolates and non-food-related strains of B. subtilis. This approach 
revealed that the presence of a Tn1546-like transposon is responsible for 
slower spore germination with various triggers. We proved that specifically 
one operon of this transposon (named spoVA²mob) plays a key role in the slow 
germination phenotype, in part by affecting the release of Ca-DPA through 
the spore IM. Moreover, as the same mobile genetic element has also been 
shown to elevate spore wet heat resistance (52), we discuss the underlying 
genetic background of these two different spore properties. 
Experimental Procedures
Strains, media and spore preparation
B. subtilis strains used in this study are listed in Table 1. Strains were cul-
tured in Luria Bertani (LB) broth with the addition of chloramphenicol (Cm, 
5 µg/ml) or spectinomycin (Sp, 10 µg/ml) when appropriate.
Spores were prepared on Schaeffer-agar plates at 37°C without the ad-
dition of antibiotics. Spores were harvested after seven days of incuba-
tion, washed with water and stored at 4°C as described previously (56). All 
spores used in the same experiment were prepared simultaneously except 
for spores used in germination experiments for gene-trait matching analy-
ses. Before each experiment, spores were washed with cold sterile  Milli-Q 
water and checked for purity (> 95% phase-bright spores) using phase- 
contrast microscopy. All experiments were performed at least twice using 
two independent spore crops.
Nutrient-induced spore germination
Nutrient-induced spore germination was routinely monitored by measuring 
the decrease in optical density at 600 nm (OD600) over time. Release of Ca-
DPA from spores and spore rehydration that occur during germination lead 
to a decrease in optical density of spore suspensions. A drop in OD600 of 
approximately 60% (ΔOD~60%) is generally accepted to correspond with 
complete germination (66, 67). To increase the responsiveness of spores to 
nutrients (30), spores of all strains (except for B4057 and B4143) were sus-
pended in MQ water at an OD600 of 10 and were heat-activated for 30 min-
utes at 70°C, unless stated otherwise. After heat-activation, spores were 
cooled on ice for at least 15 minutes and examined for the occurrence of 
phase dark spores by phase-contrast microscopy (spores of strains B4057 
and B4143 were not heat-activated due to their high sensitivity to heating). 
Then, spores were diluted to an OD600 of 1 in nutrient-containing solutions 
in a 96-microwell plate. Nutrient germinants (10 mM L-alanine; 10 mM or 
1 mM mixture of L-asparagine, D-glucose, D-fructose and KCl) were diluted 
in 25 mM Tris-HCl (pH 7.4) with the addition of 0.01% Tween20 to avoid 
clumping and absorption of spores to the plate wells (68). Alternatively, 
spores were resuspended in nutrient-rich LB medium with the addition 
of chloramphenicol (Cm, 5 µg/ml) or tetracycline (Tet, 6 µg/ml) to prevent 
outgrowth of germinated spores (69, 70). The 96-microwell plate was pre-
warmed at 37°C and spore suspensions were incubated while shaking at 



































measurements were performed at 2-3 minute intervals for at least 2 hours. 
OD600 values [OD600(t)] were normalized in relation to the first measured 
value [OD600(t0)] and expressed as percentages according to the formula:
 OD600(t)/OD600(t0) × 100%
Unless stated otherwise, typical graphs are shown when results were com-
parable in all experiments for each spore preparation.
Relative germination efficiencies [extents of spore germination, ΔOD600(max)] 
per condition correspond to the maximum percentage of decrease in OD600 
during 120 minutes of incubation of spores with germinants. The ΔOD600(max) 
values were calculated using the following formula:
 ΔOD600(max) = 100% – OD600(min)/OD600(t0) × 100%, where
 OD600(t0) constitutes the first measured value
 OD600(min) constitutes the minimum OD600 achieved between the 
 110th and 120th minute.
Kinetics of spore germination were visualized by two parameters: i) max-
imum rate of spore germination (max. rate); and ii) time (t90%germ) needed for 
spore suspensions to reach 90% of ΔOD600(max). Maximum germination 
rates were determined as an average of two largest decreases in OD600 on 
three consecutive time points. The t90%germ values were distilled from the 
data as time-points when OD600(t90%germ) is the closest to ΔOD600(max) × 90%. 
Means and standard errors for the ΔOD600(max), max. rate and t90%germ pa-
rameters presented in Table 3 were calculated from experiments performed 
for three independent spore preparations and in at least two repetitions.
After the plate reader assays, suspensions of germinated spores were 
also assessed by phase-contrast microscopy as described previously (16), to 
confirm the degree of spore germination. 
Non-nutrient-induced germination
Non-heat-activated spores were germinated through the addition of 
 Ca-DPA (60 mM CaCl2 and 60 mM DPA, pH 7.4, adjusted with dry Tris 
base) at 30°C (71) or dodecylamine (1 mM in 10 mM Tris-HCl, pH = 7.4) at 
60°C. Ca-DPA-induced germination was monitored using phase- contrast 
microscopy as described previously (16). Dodecylamine-induced germi-
nation was determined by monitoring the release of DPA from spores at 










































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































samples of spore cultures were either boiled for 2 hours or autoclaved 
(boiling and autoclaving generated comparable results) and spun down in 
a microcentrifuge (12000 rpm for 1.5 min) after which the OD270 of the 
supernatant was measured.
Spore coat removal
Spore suspensions with an OD600 of 15 were decoated using a mixture of 
0.1 M NaOH, 0.1 M NaCl, 0.5% sodium dodecyl sulfate (SDS) and 0.1 M 
dithiothreitol (DTT). Suspensions were incubated for 30 minutes at 70°C 
as described (72, 73). Decoated spores were washed seven times with 
0.15 M NaCl and resuspended in sterile demineralized water to a final 
OD600 of 10, checked by phase-contrast microscopy and stored at 4°C. 
Coat permeability was confirmed by a lysozyme sensitivity assay as de-
scribed (46). Afterwards, decoated spores were germinated with nutrients 
as described above. 
Genome mining and gene-trait matching
For all predicted protein sequences encoded in the genomes of the 17 B. sub-
tilis strains used in this study, an orthology prediction was performed us-
ing Ortho-MCL software (74). Based on the obtained orthology prediction, 
a presence and absence matrix of individual orthologous groups in every 
strain was created (Supplementary dataset). Together with germination phe-
notypic data, i.e., fast germination or slow germination, the created matrix 
with presence of orthologous groups in the studied strains was used as an 
input for gene-trait matching analysis with Phenolink software under de-
fault settings [http://bamics2.cmbi.ru.nl/websoftware/phenolink/; (75)]. A 
list of orthologous groups important for either the slow or fast germination 
phenotype was obtained as an output of the automatic Phenolink analy-
sis. The genes encoding listed orthologous groups in individual strains were 
further analyzed manually regarding i) their genomic context using Clone 
Manager software, ii) the predicted function of gene products using protein 
BLAST [http://blast.ncbi.nlm.nih.gov/Blast.cgi; (76)] and iii) the predicted 
regulation of gene expression using the DBTBS Motif Location Search tool 
[http://dbtbs.hgc.jp/; (77)]. A schematic visualization of selected gene clus-
ters was constructed with help of the draw context tool on the Genome2D 
server [http://genome2d.molgenrug.nl; (78)].
Construction of genetically modified strains
The construction of B. subtilis strain B4417 and derivatives has been de-
scribed in detail in (52). In short, B4417 was obtained using natural transfer 
of DNA from foodborne donor strain B4067 to recipient strain B. subtilis 
168 amyE::spec trpC2⁻. Mitomycin C was added to induce a pro-phage in 
B4067 [which produces highly heat-resistant spores (56)] and phages of 
B4067 were mixed with cells of B. subtilis 168 amyE::spec trpC2 on a filter. 
The transduced recipient strain was selected based on the increased heat 
resistance of its spores (survival at 100°C for 60 minutes), spectinomycin 
resistance, tryptophan deficiency and an altered colony morphology. The 
presence of the Tn1546-like transposon in the transduced strain was con-
firmed by PCR. The selected strain, from now on referred to as B4417, was 
sequenced by whole genome sequencing.
Subsequently, deletion mutants in strain B4417 were obtained for the 
entire Tn1546-like transposon, for the transposon individual operons as 
well as for the most downstream gene of its spoVA²mob operon (DUF421-
DUF1567) (52) with use of the cre/lox system (79, 80). The targeted el-
ements of Tn1546 were replaced with the lox71-cat-lox66 cassette from 
pNZ5319. Correct deletion mutants were selected based on the chloram-
phenicol resistance and checked by PCR. The same method was used for 
the preparation of yitF and yitGF deletion mutants in B. subtilis 168. 
For complementation purposes, the spoVA²mob operon from Tn1546 was 
amplified by PCR from B. subtilis B4067 and cloned into the pDG1730 vec-
tor (81). The obtained construct was verified by sequencing and was subse-
quently integrated into the amyE locus of B. subtilis 168 (52). 
Results
B. subtilis strains can be divided into two distinct groups 
based on their spore germination rates
To investigate the variety in germination of B. subtilis spores and to identify 
the responsible genetic components, we used ten B. subtilis isolates rele-
vant to the food industry (56, 82) and seven non-food-related B. subtilis 
strains (Table 1). Spore germination was monitored by measuring the de-
crease in optical density over time after exposure to nutrient-rich LB me-
dium. Strong differences were observed between spores of various strains 
in both germination efficiency (ranging from 5% germination to 100%, 
when assessed by phase-contrast microscopy) and germination rate (Fig-



































of two separate phenotypic groups. Group 1 (slow germination, with an 
optical density drop between 0.1 and 1.1 OD600/min) consisted of eight 
strains whose spores required either more than 120 minutes to reach 
maximum germination or did not germinate at all (Figure 1, open symbols). 
Group 2 (fast germination, with an optical density drop between 2.0 and 
6.3 OD600/min) contained spores of nine strains that reached maximum 
germination within 60 minutes after exposure to the medium (Figure 1, 
closed symbols). With the exception of strain B4143, all strains that were 
isolated from food matrices (Table 1) belonged to group 1, whereas the 
non-food-related environmental and laboratory strains and food isolate 
B4143 clustered within group 2 (Figure 1).
A transposon is responsible for the slow germination 
phenotype of B. subtilis spores
The remarkable finding that spores of the investigated food spoilage- associated 
strains germinated significantly less efficiently prompted us to study their 
genetic scaffolds by genome sequencing (82). Division of the strains into two 
phenotypic groups based on the observed spore germination rates was used 
as an input for the gene-trait matching analysis using Phenolink (75).
In the analysis, the occurrence of each phenotype (slow/fast germina-
tion) was linked to the presence or absence of individual genes in the ge-
nomes of the 17 investigated strains. In-depth analysis of the candidate 
genes indicated by Phenolink led to the identification of two gene clusters 
that significantly co-occur with the slow spore germination phenotype, and 
are thus very likely to be involved in affected spore germination (Table 2 
and Figure 2). These two gene clusters were present in all strains of pheno-
typic group 1 (slow spore germination) and were absent from all strains of 
phenotypic group 2 (fast spore germination).
Cluster 1, which was previously identified in another context and from 
here on referred to as Tn1546-like transposon or Tn1546 (52), contains 
Figure 1. Germination responses of spores of 17 B. subtilis strains in the LB medium. 
Spore germination is reflected by a decrease in optical density at 600 nm (y-axis) in time 
(x-axis). Curves for individual strains were calculated as means from multiple experiments 
performed on multiple spore crops. Spores were divided into two groups based on the 
statistical significance of differing germination rates (Group 1, slow germination, open 
symbols and Group 2, fast germination, closed symbols). For clarity of the figure, standard 
errors are only shown for the most outer curves in each group.




















































































































































































Figure 2. Structures of gene cluster 1 (Tn1546) (A) and gene cluster 2 (B) that are associ-
ated with a slow germination phenotype. A] Tn1546 is inserted into the yitF gene, divid-
ing it into a truncated N-terminal part (yitF’, 36 nt) and C-terminal part (‘yitF, 1086 nt) B] 
Cluster 2 is inserted between the bsn and yurJ genes or the groEL and ydjB genes (in strain 
B4146). Operons 2 and 3 of cluster 2 are separated by genes encoding a hypothetical 
protein and transposases, which are both absent from strain B4146. The gene indicated 
as “B3/B4*” is divided into two open reading frames and the gene encoding desaturase** 
is truncated in strain B4146. Upstream of the individual operons, predicted binding sites 
for stationary-phase and sporulation σ factors (σH, σF, σE, σG and σK) and σA are marked by 





















































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































15 genes divided into five operons (numbered 1 to 5) that are inserted into 
the yitF gene, thereby disrupting the yitF coding region (Table 2, Figure 2). 
The five operons of this element are preceded by pseudogenes encoding a 
transposase and a resolvase (Table 2), which show significant similarity to 
the constituents of a similar transposon of Enterococcus faecium (83, 84).
This indicates that this gene cluster may have been transferred as a trans-
posable element (52). Analysis of predicted promoters upstream of the five 
operons in the Tn1546-like transposon revealed the existence of sporu-
lation-specific σ factor binding sites (Figure 2A) and the RNA sequencing 
data (data not shown) showed that transcription of these operons takes 
place during the process of spore formation.
The other cluster identified in this study, for clarity named cluster 2, con-
tains five genes (six in strain B4146) that are distributed among four op-
erons and are localized between the bsn and yurJ genes in strains B4067, 
B4068, B4069, B4070, B4071, B4072, B4073, B4145 and between the 
groEL and ydjB genes in strain B4146 (Figure 2B). Moreover, a gene pre-
dicted to encode a transposase similar to the enzyme for the ISBma2 in-
sertion sequence from Burkholderia mallei (85) is also present in this region 
(Figure 2B). Two of the operons of cluster 2 are also preceded by predicted 
sporulation-specific promoter sites (Figure 2B).
To further investigate the role of the identified gene clusters in spore 
germination, genes in cluster 1 and cluster 2 were completely or partly in-
troduced into the genetically accessible model strain B. subtilis 168. This 
laboratory strain belongs to the fast spore germination phenotypic group 
(Figure 1, group 2) and does not naturally harbor these genes in its genome. 
No difference could be observed in the germination behavior between con-
trol spores and spores of B. subtilis 168 in which pairs of operons (operons 
1 + 2 and 3 + 4) of cluster 2 (Figure 2B) were introduced in the amyE locus 
(data not shown). This indicates that these operons encoded on cluster 2 
are not solely responsible for poor germination of B. subtilis spores, at least 
not when they are inserted in the ectopic chromosomal locus amyE. In con-
trast, spores of B. subtilis 168 in which the Tn1546-like transposon was in-
troduced via natural DNA transfer by an induced pro-phage [strain B4417, 
(52)] showed the slow germination phenotype (Figure 3; Table 3), which we 
investigated further.
Introduction of Tn1546 into B. subtilis 168 slows down 
spore germination with nutrient germinants
Strain B4417 contained an insertion of the Tn1546-like transposon into 
the yitF locus of B. subtilis 168. Genome sequencing analysis of this strain 
revealed multiple single nucleotide polymorphisms (SNPs) along the sur-
rounding 100 kb long genomic fragment (Suppl. Figure S1). To discriminate 
between the influence of Tn1546 and of the SNPs, the B4417ΔTn1546 strain 
(52), in which the Tn1546-like transposon was deleted, but the SNPs were 
preserved, was included as a control in all further germination experiments.
Spores of B. subtilis 168, B4417 and B4417ΔTn1546 were (Figure 3, right 
panel; Table 3) or were not (Figure 3, left panel; Table 3) heat-activated at 
70°C and germinated in LB medium (Figure 3A; Table 3), AGFK (Figure 3B; 
Table 3) or L-alanine (Figure 3C; Table 3). Spores of B. subtilis 168 in which 
Figure 3. Effects of deletion of Tn1546 components on nutrient-induced germination 
of B4417 spores. Representative graphs of decrease in OD600 in time in response to LB 
(A), AGFK (B) and L-alanine (C) are shown for non-heat-activated (nH; left panel) and 
heat-activated (HA; right panel) spores of the strains: B4417 (■), B4417ΔTn1546 (□), 



































the transposon was introduced (B4417) germinated less rapidly (as demon-
strated by lower max. germination rates and longer t90%germ times in Table 3) 
with all tested nutrients compared with 168 spores. Additionally, in LB and 
L-alanine, the germination efficiency [reflected by ΔOD600(max)] of B4417 
spores was decreased compared to spores of B. subtilis 168. This effect was 
especially notable for non-heat-activated spores.
Deletion of Tn1546 from strain B4417 (B4417ΔTn1546) restored the 
rate of nutrient-induced spore germination either completely (in AGFK and 
in LB for heat activated spores) or partially (in L-alanine and LB for non- 
activated spores) when compared to 168 spores (Figure 3). Additionally, 
it enhanced the germination efficiency in LB and, for non-heat-activated 
spores, in L-alanine. In contrast, for heat-activated spores, the rate and ef-
ficiency of germination with L-alanine were not improved by the Tn1546 
deletion (Figure 3C, right panel).
The results obtained indicate that the Tn1546–like transposon has a neg-
ative effect on spore germination rates in AGFK and on both rate and ef-
ficiency in LB and in L-alanine. Besides the Tn1546-like transposon, SNPs 
in the 100 kb genomic region distinguishing the 168 and B4417-derived 
strains (Suppl. Figure S1) also adversely influenced the response to L- 
alanine (Figure 3C), which is mediated via the GerA germinant receptor (27).
As B4417 spores are known to exhibit an increased heat-resistance phe-
notype (52), we speculated that the optimal heat-activation temperature to 
facilitate spore germination may also be higher for these spores. To verify 
this, B4417 spores were additionally heat-activated at 80°C and 87°C prior 
to germination. However, no differences in the germination behavior were 
observed after activation at 80°C and at 70°C whereas a 87°C heat treat-
ment led to slightly less efficient germination of B4417 spores (Suppl. Fig-
ure S2). This indicates that the inhibitory effect of the Tn1546 transposon 
on spore germination is not caused by an increase in spore heat-activation 
requirements.
Operon 3 (spoVA²mob) from Tn1546 has a major negative 
impact on nutrient-induced spore germination
To elucidate which of the five operons of the Tn1546 transposon negatively 
influence(s) spore germination, we studied the germination responses 
of individual operon deletion strains of B. subtilis B4417 (B4417Δop1, 
B4417Δop2, B4417ΔspoVA²mob, B4417Δop4 and B4417Δop5 as described 
in Table 1). Additionally, B. subtilis 168 strains in which the yitF or the yitF-
yitG genes were deleted (168∆yitF and 168∆yitGF) were included to in-

































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Spores of all B4417-derived deletion strains, except for B4417ΔspoVA²mob, 
generated comparable germination curves as the B4417 control strain (data 
not shown). Similarly, no difference could be observed between the spore 
germination of B. subtilis 168, 168∆yitF and 168∆yitGF (data not shown). 
This indicates that genes belonging to these operons are not solely respon-
sible for the slow germination phenotype observed for B4417.
In contrast, B4417ΔspoVA²mob spores germinated significantly faster 
and in some conditions also more efficiently than spores of B4417 (Figure 
3). In fact, their germination behavior closely resembled the phenotype 
of B4417ΔTn1546 spores (Figure 3). Moreover, deletion of only the last 
gene of this operon (referred to as DUF421-DUF1657 or 2DUF), which 
encodes a putative membrane protein, improved nutrient-induced spore 
germination when compared with the control (Figure 3), yet to a slightly 
lower extent than observed for B4417ΔspoVA²mob spores (Figure 3). Thus, 
the spoVA²mob operon, with a possible involvement of its last gene, seems 
to be a major player in the inhibition of spore germination in B. subtilis. 
This hypothesis was further supported by introduction of the spoVA²mob 
operon into the amyE locus of B. subtilis 168 (Table 1, 168 amyE::spoVA²mob), 
which significantly decreased the spore germination rate in 1 mM AGFK 
(Suppl. Figure S3A).
The spoVA²mob operon inhibits release of Ca-DPA during 
dodecylamine-triggered germination
To investigate at which stage the germination process is inhibited by the 
presence of the Tn1546–like transposon (and in particular the spoVA²mob 
operon), we germinated spores under various conditions (indicated in Fig-
ure 5). First, spores of strains 168, B4417 and B4417ΔTn1546 were sub-
jected to the decoating procedure at 70°C, which improves the access of 
nutrients to GRs as it removes a barrier of the spore coat (38, 39). Upon 
exposure to AGFK and LB, similar germination trends were observed for 
the decoated spores as previously for the spores with intact coats (Suppl. 
Figure S4). B4417 spores with the removed spore coat still showed poorer 
germination responses to nutrients than spores of B4417ΔTn1546 and 168 
strains. Therefore, the spore coat does not seem to play a significant role in 
slowing down nutrient-induced germination by genes of Tn1546. Secondly, 
168, B4417 and B4417ΔTn1546 spores were incubated with exogenous 
Ca-DPA, which causes germination via direct activation of the cortex lytic 
enzyme CwlJ (73), thus skipping all the preceding events that occur during 
germination initiated by nutrient germinants (Figure 5). Spores of the three 
strains germinated alike with Ca-DPA (Suppl. Figure S5), suggesting that 
the final stages of spore germination, which involve cortex hydrolysis, are 
also unaffected by the Tn1546–like element.
Finally, the cationic surfactant dodecylamine, which acts on the SpoVA 
channel, directly triggering Ca-DPA release and thereby bypassing the re-
quirement for GRs (41, 42), was used as a germinant. When 168, B4417 
and B4417ΔTn1546 spores were exposed to dodecylamine, a significant 
decline in Ca-DPA release was detected for B4417 spores (Figure 4). Re-
moval of either the entire spoVA²mob operon or only the 2DUF gene resulted 
in similar levels of Ca-DPA release as observed for B4417ΔTn1546 and 168 
spores (Figure 4). A role of spoVA²mob in decreasing the amounts of Ca-DPA 
released during dodecylamine-induced germination was further confirmed 
by insertion of spoVA²mob into the amyE locus of B. subtilis 168 (Suppl. Fig-
ure S3B). Altogether, the data show that the spoVA²mob operon of Tn1546 at 
least negatively influences the release of Ca-DPA through the SpoVA chan-
nel and may also affect earlier germination events that involve the GRs and 
GerD in the IM.
Discussion
By employing a gene-trait matching approach with a subsequent pheno-
typic analysis of genetically modified strains, we show that the presence of 
a Tn1546-like transposon slows down nutrient- and dodecylamine-induced 
spore germination in B. subtilis strains derived from food environments. Our 
study reveals that one of the operons of Tn1546, namely the spoVA²mob, is 
mainly responsible for the inhibited spore germination (Figure 3, Figure 4 
and Suppl. Figure S3). The same operon has been shown independently 
to cause an increase in spore wet heat resistance (52), indicating a com-
mon genetic basis for a reduced germination capacity and elevated spore 
heat resistance. The co-occurrence of these two spore features has been 
Figure 4. Percentage of Ca-DPA release 
in time during exposure to dodecylamine 
from spores of B4417 (■), B4417ΔTn1546 
(□), B4417ΔspoVA²mob (◊), B4417Δ2DUF 



































reported previously after certain modifications of sporulation conditions 
(86, 87) and for superdormant Bacillus spores that concurrently exhibit el-
evated wet heat resistance (49). Nevertheless, this work demonstrates the 
first clear genetic link between increased spore heat resistance and poorer 
nutrient- and dodecylamine-induced germination.
Our findings suggest two potential mechanisms via which the products 
of spoVA²mob could simultaneously cause both of these spore phenotypes: 
i) increased DPA spore content and ii) altered spore IM properties. Firstly, 
the presence of the spoVA²mob operon has been shown to result in elevated 
DPA concentrations in spores (52). As spores with low DPA content are 
prone to spontaneous germination (88, 89), it is possible that higher DPA 
concentrations lead to an increase in spore stability and dormancy. Fur-
thermore, accumulation of DPA in the spore core is associated with a lower 
spore water content, which is essential for wet heat resistance (90) and has 
been related to spore superdormancy (49). Secondly, the spore IM is crucial 
for both efficient spore germination and spore resistance to the wet heat 
(87, 90, 91) and four out of seven products of the spoVA²mob operon are pre-
dicted to localize within the IM [the YhcN/YlaJ-like lipoprotein,  SpoVAC²mob, 
SpoVAEB²mob and 2DUF (Table 2, Figure 2)]. Indeed, the deletion of the last 
gene on the spoVA²mob operon, encoding the putative membrane protein, 
2DUF, from strain B4117 reduces spore heat resistance (52) and improves 
spore germination (Figure 3 and 4). Although an effect of this deletion 
might be indirect, the membrane-localized products of spoVA²mob could con-
ceivably influence the IM properties.
In fact, the types of spore germination pathways (nutrient and dodecyl-
amine) affected by spoVA²mob (Figure 3, Figure 4, Suppl. Figure S3) indicate 
that this operon alters the early stages of germination that depend on pro-
teins localized in or adjacent to the spore IM (Figure 5), namely GRs with 
the GerD protein (29, 34–36) and the core component of the IM channel 
for Ca-DPA transport, SpoVAC (34, 41, 42, 92). The products of spoVA²mob 
could delay germination after exposure to both dodecylamine and to nu-
trients through inhibition of the Ca-DPA release across the IM. However, 
one cannot exclude that the products of spoVA²mob also influence earlier IM- 
dependent germination events, such as sensing of nutrients by GRs and 
signal transduction between the GR and SpoVA proteins (6, 7) (Figure 5). 
In turn, permeability of the coat to germinants (Suppl. Figure S4) and later 
stages in germination (Suppl. Figure S5), which include the degradation of 
the peptidoglycan cortex and full rehydration of the spore core (6, 7), seem 
unaffected by the Tn1546–like element (Figure 5).
Even though we established a clear role of the spoVA²mob operon in the 
important germination events, the exact contribution of the seven genes 
encoded on this operon (Table 2, Figure 2) to spore germination remains 
unclear. Four genes encoding hypothetical proteins with domains of un-
known function (DUF1657, DUF421 and DUF1657) and a putative lipo-
protein bear no similarity to described proteins, which complicates a func-
tion prediction for these four components. In contrast, the remaining three 
gene products, SpoVAC²mob, SpoVAD²mob and SpoVAEB²mob, share significant 
amino-acid sequence identities with the SpoVAC, SpoVAD and SpoVAEB 
proteins (55%, 49%, and 59%, respectively) encoded in the heptacistronic 
spoVAA-AF operon of B. subtilis 168. Proteins encoded by this operon are 
responsible for the transport of Ca-DPA across the IM into the spore core 
during sporulation and from the spore core upon germination (6, 7, 40, 42, 
43, 93, 94). In B. subtilis 168, SpoVAC is an integral IM protein that pre-
sumably functions as a mechanosensitive channel for this Ca-DPA trans-
fer (41). SpoVAD is located on the outer surface of the IM and has the 
ability to bind Ca-DPA (92, 93), while SpoVAEB is a predicted IM protein 
that is essential for Ca-DPA uptake during sporulation (93). Although the 
SpoVA²mob proteins have been hypothesized to increase uptake of Ca-DPA 
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Figure 5. Schematic representation of pathways and proteins involved in spore germi-
nation [adapted from (7)]. Methods for investigating specific stages of germination are 
underlined. Germination pathways, proteins and spore structures possibly affected by 



































unknown. In B. subtilis 168, overexpression of the native spoVAA-AF operon 
has resulted in faster nutrient-induced germination (43). However, this is 
not the case for B4417 spores, in which the presence of the spoVA²mob op-
eron decreases spore germination. We therefore speculate that the three 
SpoVA²mob proteins could interfere with the action of the existing SpoVA 
channel or compete for Ca-DPA binding, leading to the observed inhibi-
tion of Ca-DPA release. Additionally, they might disturb the interactions 
between the “regular” SpoVA proteins and germinant receptors’ subunits 
(67, 95), which are present in spores in limited numbers (96). Furthermore, 
as mentioned above, the IM-associated products of the spoVA²mob operon, 
including DUF421-DUF1657, could alter general properties of the spore 
IM. More in-depth studies are required to elucidate the exact role of the 
spoVAC²mob, spoVAD²mob, spoVAEB²mob and four other hypothetical genes en-
coded on Tn1546. 
An important observation in this study is that the insertion of the spoVA²mob 
operon in amyE in B. subtilis 168 affects germination (Suppl. Figure S3) and 
spore heat resistance (52) to a lesser extent than its presence within the 
native locus on Tn1546 in B4417. This suggests that the genomic context 
of spoVA²mob might play a role in the development of the altered phenotypes, 
for instance by affecting expression of the spoVA²mob operon during sporula-
tion (1). Alternatively, other operons of the transposon or the SNPs outside 
of Tn1546 that distinguish B4417 and 168 strains (Suppl. Figure S1) may 
have some secondary effects on the properties of B4417 spores. Indeed, 
next to spoVA²mob, the SNPs introduced to B4417 along with the Tn1546 
transposon during transduction of DNA from the isolate B4067 (Suppl. Fig-
ure S1) are partially responsible for a decrease in the rate and efficiency 
of germination of B4417 spores in L-alanine (Figure 3C). Additionally, they 
seem to prevent an enhancement of L-alanine-induced germination upon 
heat-activation for 4417ΔTn1546, B4417ΔspoVA²mob and B4417Δ2DUF 
spores (Figure 3C). Although reasons for this phenomenon are unclear, the 
influence of the SNPs appears to be limited to germination via the GerA 
germinant receptor, which mediates the response to L-alanine (27, 67). In 
contrast, germination with AGFK, which requires cooperative action of the 
GerB and GerK receptors (27, 67), is unaffected by differences in genomic 
sequences of 168 and B4417 outside the Tn1546 transposon.
Interestingly, operon 1 of Tn1546 contains genes that are orthologous to 
known germination genes (Table 2 and Figure 2). This operon encodes the 
putative GR subunits A and C with a length of 337 and 132 amino- acids, re-
spectively, but misses the gene for subunit B (Table 2 and Figure 2). Within 
the tested conditions, no effect of operon 1 on spore germination was ob-
served (data not shown). This could be caused by the lack of a correspond-
ing gene encoding the GR subunit B, which in known GRs is thought to be 
involved in the recognition of specific nutrient(s) (7) or by the truncation of 
the ger(x)A and ger(x)C genes (data not shown). Thus, it is likely that the en-
coded subunit A and C do not build a functional germinant receptor. How-
ever, the two GR subunits encoded on the first operon of Tn1546 could 
potentially interact with subunits of the GerA, GerB and GerK GRs within 
the germinosome cluster in the spore IM, thereby influencing the spore 
germination properties (36, 67).
The spoVA²mob operon contributes to inter-strain variability in spore ger-
mination and heat resistance properties not only in B. subtilis but also in 
the other Bacillus species. The operon has been proposed to stem from the 
pXOI-like plasmid of B. cereus, from where it has spread to multiple strains 
of B. subtilis, Bacillus amyloliquefaciens, Bacillus licheniformis, Bacillus ther-
moamylovorans and Bacillus sporothermodurans, presumably via horizontal 
gene transfer (52). Similar to what has been observed for spores of B. subti-
lis, the correlation between the presence of spoVA²mob and elevated wet heat 
resistance has been shown for various B. amyloliquefaciens and B. licheni-
formis strains (52). Additionally, four Bacillus thermoamylovorans strains 
that harbor the spoVA²mob operon in their genomes produce spores that are 
characterized by extreme wet heat resistance and a very poor germination 
capacity after exposure to nutrients (16). Thus, the effect of the spoVA²mob 
operon on such spore properties seems universal amongst different Bacillus 
species and partly explains the strong variations observed therein.
To conclude, our findings also have various practical implications for the 
food industry. We provide significant evidence that the spoVA²mob operon 
plays a major role in causing the two spore properties, reluctant germi-
nation and high heat resistance, which both complicate spore inactivation 
and control in industrial settings. The operon can thus function as a genetic 
marker for the identification of the problematic spores, thereby improving 
risk assessments. This is especially important as food processing treatments 
impose selective pressures that favor spores bearing these features (15, 18, 
50, 51), likely leading to the observed over-representation of the strains 
containing spoVA²mob amongst the studied food isolates. Secondly, fractional 
germination of spores containing spoVA²mob needs to be taken into consid-
eration when quantifying spores by the traditional plating techniques that 
depend on spore germination and outgrowth. Finally, the presence of the 
Tn1546-like transposon in the investigated food isolates and its absence in 
common laboratory strains underline the importance of thoroughly study-
ing the genetic basis of the diversity in spore germination and clearly show 
that studies focusing on domesticated laboratory strain often fail to uncover 
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Spore heat resistance, germination and outgrowth are problematic bacterial prop-
erties compromising food safety and quality. Large inter-strain variation in these 
properties makes prediction and control of spore behavior challenging. High-level 
heat resistance and slow germination of spores of some natural B. subtilis isolates, 
encountered in foods, have been attributed to the occurrence of the spoVA²mob 
operon carried on the Tn1546 transposon. In this study, we further investigate 
the correlation between the presence of this operon in high-level heat resistant 
spores and their germination efficiencies before and after exposure to various 
sub-lethal heat treatments (heat-activation, HA), which are known to significantly 
improve spore responses to nutrient germinants. We show that high-level heat 
resistant spores harboring spoVA²mob required higher HA temperatures for effi-
cient germination than spores lacking spoVA²mob. The optimal spore HA require-
ments additionally depended on the nutrients used to trigger germination, L-al-
anine (L-Ala) or a mixture of L-asparagine, D-glucose, D-fructose and K⁺ (AGFK). 
The distinct HA requirements of these two spore germination pathways are likely 
related to differences in properties of specific germinant receptors. Moreover, 
spores that germinated inefficiently in AGFK contained specific changes in se-
quences of the GerB and GerK germinant receptors, which are involved in this 
germination response. In contrast, no relation was found between transcription 
levels of main germination genes and spore germination phenotypes. The find-
ings presented in this study have great implications for practices in the food in-
dustry, where heat treatments are commonly used to inactivate pathogenic and 
spoilage microbes, including bacterial spore-formers.
Importance
This study describes a strong variation in spore germination capacities and re-
quirements for a heat-activation treatment, i.e., an exposure to sub-lethal heat 
that increases spore responsiveness to nutrient germination triggers, among 
17 strains of B. subtilis including 9 isolates from spoiled food products. Spores of 
industrial foodborne isolates exhibited on average less efficient and slower ger-
mination responses and required more severe heat-activation than spores from 
other sources. High heat-activation requirements and inefficient, slow germina-
tion correlated with elevated resistance of spores to heat and with specific ge-
netic features, indicating a common genetic basis of these three phenotypic traits. 
Clearly, inter-strain variation and numerous factors that shape spore germination 
behavior, challenge standardization of methods to recover highly heat resistant 
spores from the environment and have an impact on the efficacy of preservation 
techniques used by the food industry to control spores.
Introduction 
Bacillus subtilis spores, which are widely present in nature, can easily con-
taminate food products (1, 2). Because of their resistance to environmental 
stresses such as extreme temperatures, desiccation, radiation and exposure 
to different chemicals, spores are able to survive preservation treatments 
that are applied in the food industry (2–4). Surviving spores can germinate 
and resume vegetative growth in a food product and subsequently cause 
spoilage (1, 5, 6). Spore germination is a necessary step in resuming vege-
tative growth; thus, the probability that the spores germinate in food prod-
ucts needs to be taken into account when assessing the risk of spoilage or 
outgrowth of pathogenic spore-formers. Moreover, both inhibition of spore 
germination as well as induction of germination before inactivation treat-
ments (which renders the spore sensitive) are used in the food industry to 
improve food safety (7–12). However, none of these strategies are com-
pletely effective.
In nature, spores typically germinate in response to nutrients such as 
amino acids, sugars and/or nucleosides. Nutrients need to permeate the 
spore coat through a process facilitated by the GerP proteins (13–15), and 
the other outer layers of the spore to gain access to specific nutrient germi-
nant receptor complexes (Ger receptors, GRs) that are located in the spore 
inner membrane (IM) (16, 17). Germinant receptors are predominantly 
built-up by three subunits: A, B and C, which are encoded in tricistronic op-
erons (18, 19). Subunit A contains five to six predicted transmembrane (TM) 
helices and a hydrophilic domain at both N- and C-termini (18, 20). Subunit 
B, which might play a role in recognition of germinants (21), appears to be 
an integral inner membrane protein with ten to twelve TM helices (18). Sub-
unit C is a predominantly hydrophilic lipoprotein. It is anchored to the outer 
surface of the inner membrane by a diacylglycerol anchor that itself is at-
tached to an N-terminal lipobox cysteine (22). Some ger operons encode a 
fourth small subunit D that consists of two TM helices and likely modulates 
the function of the respective GRs (23, 24). 
A number of germinant receptors and the nutrients to which they respond 
vary between different Bacillus species and strains. The extensively studied 
laboratory strain, B. subtilis 168, contains three functional germinant recep-
tors: GerA, GerB and GerK (25). The GerA complex responds to L-alanine 
(L-Ala). The GerB and GerK receptors cooperatively initiate germination in 
response to a mixture of L-asparagine, D-glucose, D-fructose and potassium 
ions (AGFK). In fact, GerB responds predominantly to L- asparagine, whereas 
GerK responds to sugars; but neither of these receptors can trigger germi-
nation alone (19, 26). Additionally, B. subtilis 168 contains two GR operons 





































Moreover, certain foodborne B. subtilis strains comprise the incomplete and 
likely non-functional gerX germination operon that encodes putative GR 
subunits A and C but lacks a gene for the B subunit (27, 28).
Germinant receptors form one or two germination clusters (germino-
somes) in the spore IM, together with another small lipoprotein, GerD, 
which is required for this process (29). Formation of the germination clus-
ters increases the local concentration of GRs and likely facilitates coop-
erativity and synergism between them (29–31). Germination responses 
can be increased by applying a sublethal heat treatment (so called heat- 
activation, HA) prior to exposure of spores to nutrient germinants (32). 
Heat- activation is thought to act either directly on GR subunits or indirectly 
by altering properties of IM, rather than on the GerD protein or the germi-
nosome formation (32).
After sensing germinants by the respective GRs, an unknown signal is 
transduced to downstream effectors. This leads to the release of monova-
lent cations and of dipicolinic acid chelated by Ca²⁺ ions (Ca-DPA) from 
the spore core (19, 26). Ca-DPA is transported across the IM by a channel 
formed by products of the conserved heptacistronic spoVA operon, which 
in B. subtilis 168 consists of seven genes: spoVAA-D, spoVAEb, spoVAEa and 
spoVAF (19, 26, 33). Release of Ca-DPA allows for partial rehydration of the 
spore core and activation of the cortex lytic enzymes (CLEs), CwlJ and SleB 
(19, 26). Degradation of the protective peptidoglycan cortex leads to fur-
ther water uptake and the completion of germination (19, 26).
Germination responses can vary strongly between Bacillus species and 
strains (28, 34, 35). For this reason, studies performed on the model strains, 
which are adapted to laboratory conditions, do not accurately reflect spore 
germination properties of strains that contaminate food products. This vari-
ation hinders the ability to predict the germination behavior of problematic 
spores and therefore complicates a risk assessment and the development 
of efficient spore inactivation treatments. 
Recently, variation in spore germination and spore heat resistance has 
been partly attributed to inter-strain differences in the absence or pres-
ence (and copy number) of the heptacistronic spoVA²mob operon that is usu-
ally carried on the Tn1546-like transposon element (which lost the ability 
of transposition) (27, 28). Tn1546 additionally carries four other operons 
that alone do not have apparent effects on spore heat resistance or ger-
mination (27, 28). Different B. subtilis strains have between 0 and 3 copies 
of spoVA²mob (two on the Tn1546-like elements integrated within the yitF 
gene and between the yxjA and yxjB genes and one in a chromosomal 
location that could have not been determined in the non-closed genome 
sequences) (27). Strains carrying an increasing copy number of spoVA²mob 
produce spores with elevated heat resistance and an affected germination 
phenotype in a nutrient-rich medium. The exact functions of the en-
coded proteins on this operon remain unclear. Three of them— SpoVAC²mob, 
SpoVAD²mob and SpoVAEb²mob—are homologous to the conserved SpoVAC, 
SpoVAD and SpoVAEb proteins (27, 28) that are involved in Ca-DPA trans-
port via the spore IM (26, 36, 37). Another four, out of which two are 
predicted to be associated with the spore membrane, constitute putative 
proteins containing domains of unknown functions (27, 28). The spoVA²mob 
products have been hypothesized to affect spore germination (and HR) by 
altering properties of the spore IM in which the majority of the spore ger-
mination apparatus is located (28).
In this study, we investigated spore germination requirements and ef-
ficiencies for seventeen B. subtilis strains with known genomic sequences 
(some of which constitute problematic food-spoilers) that contain differ-
ent copy numbers (0 to 3) of the spoVA²mob operon (4, 27) (Table 1). Eight 
strains (168, B4055, B4056, B4057, B4058, B4060, B4061 and B4143) 
lack spoVA²mob in their genomes and produce low heat resistant spores. 
Nine strains have either one (B4146), two (B4068, B4069, B4071, B4072, 
B4073) or three (B4070, B4067, B4145) spoVA²mob copies and form spores 
with an increasing level of high heat resistance (4, 27) (Table 1). The pres-
ence and sequences of specific germination genes were analyzed to link 
differences in spore germination phenotype and spore germination require-
ments to genetic properties of the strains. This study demonstrates that 
the presence of the spoVA²mob operon correlates with increased spore HA 
requirements and, if spoVA²mob is present in multiple copies, with inefficient 
germination in response to AGFK. Additionally, sequences of germinant re-
ceptor proteins seemingly affect the final spore germination phenotypes 
and heat-activation requirements.
Materials and methods
Strains and growth conditions
Strains used in this study are listed in Table 1. Spores were prepared during 
a seven-day incubation at 37°C on Schaeffer-agar plates without antibiotics 
as described before (4, 27, 28). Harvested spores were washed for 4 days 
with cold sterile Milli-Q water and stored at 4°C for at least 1 month prior 
to the germination experiments to ensure full maturation of the spores (38). 
The spore crops consisted of ≥ 95% dormant phase-bright spores as deter-





































Table 1. Strains used in this study. Spores of the seventeen B. subtilis strains differ in 
their heat resistance (HR) properties, which correspond to the copy number (0 to 3) of 
the spoVA²mob operon. D-values for spores of individual strains at 100°C (or extrapolated 
to 100°C for high-level heat resistant spores), which have been assessed in the previous 
studies (4, 27), are expressed as means and absolute deviations of the mean based on 






at 100°C Strain description Reference
B4055 low (0) 7.7 ± 3.8 Laboratory strain, derived from 168;  alternative names: JH642, BGSC1A96 (83, 84)
B4056 low (0) 7.9 ± 2.6 Laboratory strain, alternative names: PY79, BGSC1A747 (85, 86)
B4057 low (0) 2.4 ± 0.7 Laboratory strain; alternative names: W23, BGSC2A9 (85, 87, 88)
B4058 low (0) 4.1 ± 0.9 Environmental isolate (Sahara Desert);  alternative names: TU-B-10T, BGSC2A11 (87, 89)
B4060 low (0) 5.6 ± 1.6 Environmental isolate; alternative name: NCIB3610T, BGSC3A1T (4, 85)
B4061 low (0) 12.0 ± 4.3 Environmental isolate (Mojave Desert);  alternative names: RO-NN-1, BGSC3A27 (87, 89)
B4143 low (0) 2.5 ± 2.2 Food strain (surimi) (4)
168 low (0) 4.5 ± 0.9 Laboratory strain (83, 90)
B4146 high (1) 83.0 ± 32.3 Food strain (curry sauce) (4, 91)
B4068 high (2) 1090 ± 333 Food strain (curry cream soup); alternative name: CC2 (2, 4, 91)
B4069 high (2) 310 ± 137 Food strain (binding flour ingredient);  alternative name: IIC14 (2, 4, 91)
B4071 high (2) 455 ± 36 Food strain (curry cream soup); alternative name: CC16 (2, 4, 91)
B4072 high (2) 340 ± 197 Food strain (red lasagna sauce); alternative name: RL45 (2, 4, 91)
B4073 high (2) 2262 ± 1198 Food strain (curry soup); alternative name: MC85 (2, 4, 91)
B4070 high (3) 1613 ± 546 Food strain (peanut chicken soup);  alternative name: A162 (91, 92)
B4067 high (3) 4224 ± 2470 Food strain (peanut chicken soup);  alternative name: A163
(2, 4, 91, 
93–95)
B4145 high (3) 3830 ± 2699 Food strain (pasta) (4, 91)
Spore germination assays
Prior to the experiments, spores were washed with cold sterile MilliQ wa-
ter. Before exposure to nutrients, spore suspensions with an optical density 
of 10 at 600 nm (OD600) were subjected or not (non-heat-activated spores, 
nH) to a 30-minute heat treatment at 70, 80, 87, 95 and/or 100°C. Spores 
produced by individual strains had substantially different levels of heat re-
sistance as indicated by their distinct decimal reduction times, D-values, at 
100°C (for comparison purposes, D-values have been extrapolated from 
higher temperatures to 100°C for high-level heat resistant spores) (4, 27)
(Table 1). For this reason, the choice of applied HA temperature was tailored 
for each strain, depending on the spore heat resistances (Table 2, Table 3). 
Thus, low-level heat resistant spores (decimal reduction times, D- values, 
between 2.4 ± 0.7 and 12.0 ± 4.3 minutes at 100°C, Table 1) produced by 
strains 168, B4055-B4058, B4060-B4061 and B4143 were heat-activated 
in most cases at 70°C and maximally at 87°C. Moderately high heat re-
sistant spores of strain B4146 (D-value of 83.0 ± 32.3 minutes at 100°C, 
Table 1) and high-level heat resistant spores of strains B4067-B4073 and 
B4145 (D-values between 310 ± 137 and 4224 ± 2470 minutes at 100°C, 
Table 1) were heat-activated in temperatures up to 100°C. After heating, 
spores were cooled on ice and assessed by phase-contrast microscopy to 
ensure that the applied heat treatment did not cause spore phase trans-
formation in the absence of germination triggers. Spores were diluted to 
an OD600 of 1 in 10 mM L-alanine or 10 mM AGFK mixture (L-asparagine, 
D- glucose, D-fructose and KCl) in 25 mM Tris-HCl buffer (pH 7.4) with ad-
dition of 0.01% Tween20 to prevent spore clumping and absorption to the 
plate wells (39). The 10 mM germinant concentrations were used as these 
are known to be saturating for B. subtilis 168 spores (15, 40, 41). Germina-
tion was monitored at 37°C in a 96-well plate-reader (Tecan Infinite 200, 
Tecan) by measuring the decrease in OD600, which corresponds with the 
change of dormant phase-bright spores to germinated phase-dark spores. 
Measurements were taken every 2-3 minutes for 3 hours with shaking 
Figure 1. The phylogenetic tree for the seventeen analyzed B. subtilis strains constructed 






































in-between. All spore germination experiments were performed on two in-
dependently prepared spore crops.
Phase-contrast microscopy
Plate-reader samples were investigated by phase-contrast microscopy 
3 hours after the addition of nutrients as described before (42). Germina-
tion efficiency was calculated as a percentage of phase-dark (germinated) 
spores seen using phase contrast microscopy in a total of 100 to 700 spores 
per spore crop and condition, using the Fiji software (43) (http://fiji.sc/Fiji), 
similarly to what has been described before (42).
Genome mining
For all the analyzed B. subtilis strains, the phylogenetic tree was prepared 
(Figure 1) with the PhyloPhlAn program based on the sequences of the 
selected 400 most conserved microbial proteins (https://huttenhower.sph.
harvard.edu/phylophlan) (44) and displayed with the use of the iTOL tool 
(http://itol.embl.de) (45). For all the predicted protein sequences encoded 
in the genomes of the seventeen B. subtilis strains, an orthology prediction 
was performed applying two programs: Ortho-MCL (46) and ProteinOrtho 
(47) (data not shown), the latter with use of B. subtilis 168 as a reference. 
To find potential functional equivalents for a selection of germinant recep-
tor genes (Supp. Table S1), additional protein BLAST searches (48) were 
made using B. subtilis 168 sequences as queries to scan genomes of the 
foodborne strains. For the selected GR proteins found in this manner, pro-
tein sequence alignments were made using MUSCLE (49). Additionally, the 
genomic context of the selected genes was manually inspected after visu-
alization of the genomes with Clone Manager software (Clone  Manager v8, 
Scientific & Educational Software, Denver, CO, USA). In relevant cases, to 
verify operon structures, operon predictions were performed with  Glimmer 
(50, 51), and visualized using the draw context tool in the Genome2D 
server (http://genome2d.molgenrug.nl) (52). The membrane topologies 
of the selected A, B and D GR subunits were modeled using TOPCONS 
(http://topcons.cbr.su.se/) (53) and the secondary structures of the C sub-
units were predicted with PredictProtein (http://www.predictprotein.org) 
(54), except for the GerBC protein, the structure of which has been solved (22).
Transcriptome analysis by RNA-Seq
Sporulation of five B. subtilis strains: 168, B4143, B4146, B4072, 4067 
was induced by the resuspension method similarly as described by  Nicolas 
et al. (55). Shortly, strains were grown with shaking (200 rpm) at 37°C in 
the casein hydrolysate (CH) medium till an OD600 of 0.6. Subsequently, 
whole bacterial cultures were spun down at 6000 rpm for 8 minutes and 
resuspended in the same volume of the pre-warmed Sterlini-Mandelstam 
(SM) medium to induce sporulation. Samples for RNA isolation and for mi-
croscopic analysis were collected at various time-points of the sporula-
tion process. For RNA extraction, 15 ml of the cultures was centrifuged 
(12000 rpm, 1 min) and the cell pellets were frozen in liquid nitrogen and 
stored at -80°C. For the microscopic analysis, 300 µl of cultures were pre-
cipitated by centrifugation at 10,000 rpm for 2 minutes, washed with PBS 
and fixed using 4% para-formaldehyde as described before (56). The mi-
croscopic samples were used to assess the stages of sporulation at the 
selected time-points (data not shown).
Total RNA was isolated from the samples of sporulating cells by phe-
nol:chloroform extraction and precipitation with ethanol and sodium ac-
etate, as described before (57). To ensure homogenization of both mother 
cell and forespore compartments, sporulating cells were exposed to five 
45 second-long bead-beating cycles, with at least 1 minute intervals of 
cooling on ice. The RNA samples were subjected to the next generation di-
rectional sequencing on an Ion Proton™ Sequencer at the PrimBio Research 
Institute (Exton, PA, USA), and T-REx (58) was used for the RNA-Seq tran-
scriptome analysis. The transcripts were either mapped on the reference 
genome of B. subtilis 168 or on the genomes of the respective individual 
strains. Transcripts mapped on the genome of B. subtilis 168 were visualized 
in JBrowse (59). In order to compare expression of selected germination 
genes between the strains or between two different genes within one strain, 
average ratios of maximal gene transcription signals (expressed as reads per 
kilobase of transcript per million mapped reads, RPKM) during sporulation 
were calculated based on the results of two independent experiments.
Results
Low-level heat resistant spores mostly do not require heat- 
activation for efficient nutrient-induced germination
Under laboratory conditions, spores of B. subtilis are often heat- activated (HA) 





































(60–62). In this study, germination (which under a phase- contrast microscope 
is reflected by the phase-bright to phase-dark transition of spores) in response 
to L-alanine and AGFK was assessed for HA and non-HA spores of various B. 
subtilis strains that exhibit low to extremely high heat-resistance. When not 
heat-activated, almost all low heat-resistant spores (B4055, B4056, B4057, 
B4060, B4061, 168) responded efficiently to L- alanine (mean ± absolute devi-
ation of the mean between 84.8 ± 14.1% and 98.4 ± 1.6% phase-dark spores 
within three hours), with an exception of B4058 and B4143 that showed 
no to poor germination (2.3 ± 1.6% and 20.6 ± 6.3% phase-dark spores) (Ta-
ble 2). Spores with high-level heat resistance (B4067-B4073, B4145 and 
B4146), however, responded at best moderately (up to 38.0 ± 0.6% phase-
dark spores) without heat-activation (Table 2). When heat- activated at 70°C, 
the germination percentage increased at least 2-fold for the poorly respond-
ing high-level heat resistant spores of seven strains (namely, B4068-B4073 
and B4146), whereas spores of strains B4058, B4067 and B4145 remained 
unresponsive to L-alanine (Table 2).
Using AGFK as a germination trigger, all but one low-heat resistant spore 
types germinated almost entirely without the need for HA (Table 3). The 
exception (B4058) reached complete germination after activation at 70°C 
in response to AGFK (but not to L-alanine with or without HA) (Table 3). 
In contrast, almost all high heat-resistant spores germinated very poorly 
(0.8 ± 0.2% – 10.6 ± 4.9% phase-dark spores) in response to AGFK, even 
after HA at 70°C. Only spores of strain B4146, which exhibit moderately 
elevated heat resistance (4, 27), germinated moderately (52.0 ± 16.9% ger-
minated spores) in these conditions (Table 3).
Optimizing heat-activation conditions allows for efficient 
germination of high-level heat resistant spores in 
L-alanine but not in AGFK
More severe heat-activation has been proposed to improve germination 
of highly resistant spores of certain species and strains (63–65). Thus, to 
test whether optimizing HA conditions can improve germination of the nine 
high heat resistant B. subtilis spore types (Table 1), we pre-incubated these 
spores at 80, 87, 95 and 100°C for 30 minutes.
In general, activation at temperatures exceeding 70°C increased the 
yields of germinated high heat resistant spores in response to both germi-
nants, with L-alanine-induced germination (Table 2) being optimally sup-
ported by somewhat lower HA temperatures (predominantly 80°C, with 
87°C giving similar results in a few cases) than required for AGFK-induced 
germination (mostly 87 - 95°C and/or 100°C, Table 3). The only exception 
Table 2. Ratios (in percentages) of germinated (phase-dark) spores after exposure to 
L-alanine, as assessed with phase-contrast microscopy. Means and absolute deviations 
of the mean were calculated from at least two experiments performed on two inde-
pendently prepared spore crops of each strain. Values in brackets indicate the results for 







nH 70°C 80°C 87°C 95°C 100°C
B4055
(JH642)
low (0) 98.4 ± 1.6 99.7 ± 0.3 NT NT NT NT
B4056
(PY79)
low (0) 98.2 ± 1.8 99.0 ± 1.0 NT NT NT NT
B4057
(W23)
low (0) 91.5 ± 6.2 86.8 ± 2.8 NT NT NT NT
B4058
(TU-B-10)





low (0) 96.5 ± 3.0 98.9 ± 0.6 NT NT NT NT
B4061
(RO-NN-1)
low (0) 84.8 ± 14.1 95.3 ± 1.0 NT NT NT NT




NT NT NT NT
168 low (0) 88.3 ± 1.4 85.5 ± 1.1 90.2 ± 2.4 NA
(18.4 ± 1.5)
NT NT




































* Prior to incubation with germinants (at 37°C), spores were either heat-activated for 30 min-
utes at temperatures between 70°C and 100°C or the heat-activation treatment was omitted 
(nH = non-heated).
Abbreviations: HR – heat resistance; NA – not applicable: the specific heat-activation (HA) 
treatment alone caused the phase transition (phase-bright to phase-dark), likely due to spore 
damage, of a significant fraction (% in brackets) of spores in the absence of germination triggers, 
thereby hindering an accurate analysis of spore germination; nH – non-heated; NT – not tested: 
the specific HA treatment was not tested either due to (nearly) complete germination of spores 
achieved after HA at another temperature, low probability of improvement of spore germina-





































was L-alanine-induced germination of B4146 spores, for which the best re-
sults (41.7 ± 11.2% germination) were obtained after treatment at 70°C. In 
L-alanine, the pre-treatment at 87°C gave slightly lower germination lev-
els than at 80°C for the majority of the high heat resistant spores. 95°C 
severely reduced L-alanine spore germination for all the strains except for 
B4068 and B4073. Regardless of the activation temperature, L-alanine did 
not trigger responses of B4067 and B4145 spores.
AGFK-induced germination of high heat resistant spores was rather poor 
(between 14.2 ± 4.1% and 42.7 ± 17.7%), even when the most optimal HA 
treatments at 87, 95 and/or 100°C were applied (Table 3). The only exception 
were B4146 spores that germinated efficiently in AGFK yielding 81.7 ± 9.2% 
and 87.7 ± 1.8% phase-dark spores after a pre-treatment at 87°C and 95°C, 
respectively (Table 3). In some cases pre-heating at 100°C led to a phase 
change of up to 10.9 ± 5.3% spores in the absence of germinants (Table 3).
In comparison, heat-activation of low heat resistant spores of the reference 
strain B. subtilis 168 was not required for efficient germination in our experiments 
as similar results were obtained for non-HA spores and for spores pre-heated 
at 70°C and 80°C (Table 2, Table 3). In contrast, pre- heating at 87°C caused a 
phase-bright to phase-dark transition of 18.4 ± 1.5% of 168 spores in the ab-
sence of germinants (Table 2, Table 3), possibly due to spore damage and an in-
crease in permeability of outer spore layers leading to a rehydration of the core.
Besides the differences in germination efficiency (Table 2, Table 3), the 
high heat resistant spores also germinated less rapidly than the low heat resis-
tant spores in response to both L-alanine and AGFK, even after optimal heat- 
activation (Figure 2). These differences in germination kinetics observed be-
tween the various spore types are consistent with the previously described 
negative effect of the spoVA²mob operon on the spore germination rate (28).
Genomic analysis reveals the presence of essential 
germination genes in all investigated strains and 
uncovers differences in the structure of the gerB 
operon in two foodborne isolates
The results described above indicate a correlation between the presence of 
the spoVA²mob operon, increased spore HA requirements and low germina-
tion efficiencies, especially in AGFK (Table 2, Table 3). Nevertheless, strong 
variations in a spore germination capacity and required HA were seen be-
tween different strains that contain the same spoVA²mob copy numbers and 
between different germination pathways (L-alanine and AGFK). Hence, fac-
tors other than spoVA²mob likely contribute to the eventual germination be-
havior, to a greater extent in L-alanine and to a lesser extent in AGFK. 
Table 3. Ratios (in percentages) of germinated (phase-dark) spores after exposure to AGFK, 
as assessed with phase-contrast microscopy. Means and absolute deviations of the mean 
were calculated from at least two experiments performed on two independently pre-
pared spore crops of each strain. Values in brackets indicate the results for the negative 






nH 70°C 80°C 87°C 95°C 100°C
B4055
(JH642)
low (0) 100 ± 0.0 99.8 ± 0.2 NT NT NT NT
B4056
(PY79)
low (0) 99.5 ± 0.5 100 ± 0.0 NT NT NT NT
B4057
(W23)
low (0) 99.3 ± 0.7 98.0 ± 0.0 NT NT NT NT
B4058
(TU-B-10)
low (0) 31.5 ± 9.3 100 ± 0.0 NT NT NT NT
B4060
(NCIB3610)
low (0) 100 ± 0.0 100 ± 0.0 NT NT NT NT
B4061
(RO-NN-1)
low (0) 100 ± 0.0 100 ± 0.0 NT NT NT NT




NT NT NT NT
168 low (0) 99.7 ± 0.3 100 ± 0.0 99.4 ± 0.2 NA
(18.4 ± 1.5)
NT NT











































* Prior to incubation with germinants (at 37°C), spores were either heat-activated for 30 min-
utes at temperatures between 70°C and 100°C or the heat-activation treatment was omitted 
(nH = non-heated).
Abbreviations: HR – heat resistance; NA – not applicable: the specific heat-activation (HA) 
treatment alone caused the phase transition (phase-bright to phase-dark), likely due to spore 
damage, of a significant fraction (% in brackets) of spores in the absence of germination triggers, 
thereby hindering an accurate analysis of spore germination; nH – non-heated; NT – not tested: 
the specific HA treatment was not tested either due to (nearly) complete germination of spores 
achieved after HA at another temperature, low probability of improvement of spore germina-





































To find genetic features other than components of the spoVA²mob op-
eron that tune spore germination properties, we investigated genomic se-
quences of the seventeen B. subtilis strains in regard to genes that play 
key roles in nutrient-induced spore germination (19, 66, 67). In general, all 
key germination genes are present in all B. subtilis strains investigated in 
this study, including those encoding the three main germinant receptors, 
GerA, GerB, GerK (Supp. Table S1); six GerP A-F proteins; the SpoVAA-AB-
AC-AD-AEb-AEa-AF proteins; and the CwlJ and SleB cortex lytic enzymes 
(data not shown). Of the two operons yndDEF and yfkQRST that encode 
putative and probably non-functional germinant receptors in B. subtilis 
168 (25), yndDEF was present in all the strains except B4057 (Supp. Ta-
ble S1). In comparison, the intact yfkQRST operon occurs in seven (168, 
B4055, B4056, B4057, B4060, B4061 and B4143) out of the seventeen 
strains (Supp. Table S1), although its residues could be found in the form of 
pseudogenes in genomes of the remaining strains (Supp. Table S1). As re-
ported recently, nine strains (B4067-B4073, B4145 and B4146) addition-
ally contain the gerXA and gerXC genes that encode the putative GR sub-
units A and C (Supp. Table S1) (27, 28). However, the encoded GerXA and 
GerXC are very likely non-functional due to severe truncations (especially 
at the N- and C-termini) that result in a decreased number of predicted TM 
helices in GerXA and a loss of the N-terminal lipobox in GerXC in all strains 
except in B4146 (Supp. Figure S1).
Even though the three main GR operons (gerA, gerB and gerK) are pres-
ent in all the investigated strains, the foodborne isolates B4067 and B4145 
contain strong deviations in the structure of the gerB operon (Supp. Fig-
ure S2A). In the laboratory strain B. subtilis 168, this operon encodes two 
integral membrane proteins GerBA and GerBB, and a lipoprotein, GerBC 
(Supp. Figure S2B). In the strains B4067 and B4145, however, a codon stop 
at the nucleotide position 538-540 divides the gerBA gene into two pre-
dicted open reading frames (ORFs) gerBA-N and gerBA-C (Supp. Figure S2A). 
Moreover, gerBB and gerBC are fused into one ORF (gerBB-BC) (Supp. Figure 
S2A). A topology prediction suggests that the GerBB- and GerBC-parts of 
the encoded GerBB-BC fusion protein might be arranged in the IM similarly 
(the N-terminus of the GerBB-part localizes inside the spore core, followed 
by 11 TM helices and the majority of the GerBC-part localizes outside the 
spore core) as the “regular” non-fused GerBB and GerBC proteins (Supp. 
Figure S2B). The encoded GerB receptor of B4067 and B4145 might retain 
partial functionality, as spores produced by these two strains were capable 
of moderate germination in AGFK (Table 3), which in B. subtilis 168 requires 
both GerB and GerK (25).
Differences in germinant receptor protein sequences 
correlate with specific germination and heat 
resistance phenotypes of the investigated B. subtilis 
strains
Germinant receptors are known to play a fundamental role in spore respon-
siveness (specificity and affinity) to nutrient germinants (25, 68, 69). More-
over, besides the spore IM, GRs are the most probable spore component 
targeted when heat is applied to activate spore germination (32). Thus, in 
addition to chromosomal presence of the spoVA²mob operon, properties of 
GR proteins likely contribute to the diversity in germination efficiencies and 
HA requirements observed among the tested spore types. To find features 
distinguishing GRs of the spores with strongly affected germination phe-
notypes (very poor/no germination or high HA requirements) we analyzed 
multiple amino acid sequence alignments of the GR subunits (Supp. data S2).
The analysis revealed an 82.5% – 100% amino acid sequence identity 
between the corresponding GR proteins of individual strains, with the GerB 
receptor being the most variable (Supp. data S1). Spores with the high-
est heat resistance level and high HA requirements for AGFK germination 
(B4067-B4073, B4145) contained several distinctive amino acid residues 
Figure 2. Germination kinetics in L-alanine (A) and AGFK (B) of low (black and dark gray 
symbols) and high (white and light gray symbols) heat resistant spores, subjected to 
strain- and nutrient-optimized heat-activation temperatures (shown in the legend, either 
one HA temperature for both germinants or two different HA temperatures for L-alanine/
AGFK). For clarity of the figure, absolute deviations of the mean are only shown for the 





































found in various regions of the GerBB, GerKA, GerKB and GerKC proteins 
(Table 4). The same amino acid substitutions (Table 4) also concurred with 
the weak responsiveness of spores to AGFK as the high-level heat resis-
tant spores harbouring 2 or 3 spoVA²mob copies in their genome germinated 
rather poorly in this cogerminant mixture (Table 3). Three of the distinct 
amino acids were additionally found in GerKB (V147; I181) and GerKC 
(D398) of slightly high heat resistant B4146 spores (Table 4), which needed 
moderate HA and responded strongly to AGFK (Table 2, Table 3). 
No distinctive features typical for all high heat resistant spores were 
found in sequences of the GerAA, GerAB, GerAC, GerBA and GerBC pro-
teins (Table 4, Supp. data S2). However, a few common amino acid substi-
tutions were present in GerAA, GerAB and GerBC of B4068 and B4073 
spores (Table 4) whose responses to L-alanine were not decreased by heat-
ing at 95°C (Table 2); L373I in GerAA and S92L in GerAC (Table 4) are pres-
ent in the protein regions that have previously been shown to play a role 
in GR functionality (70, 71). For the spores that germinated weakly (B4143, 
B4146, B4071 and B4070) or not at all (B4067, B4145 and B4058) in L- 
alanine, no common alternations in the GerA subunits were observed (Ta-
ble 4, Supp. data S2). Nevertheless, B4058, B4143 as well as B4067 and 
B4145 contained various unique strain-specific amino acid residues in 
GerAA, GerAB and GerAC that distinguished them from the spores that 
responded efficiently to L-alanine (Table 4).
Transcription of germination genes in the selected 
foodborne strains does not correlate with the 
germination phenotype of their spores
Besides genetic content and specific protein sequences, the expression 
levels of germination genes during sporulation play an important role in 
the eventual germination behavior of the spores. Thus, we analyzed tran-
scription of germination genes during sporulation for B. subtilis 168, B4143, 
B4146, B4072 and B4067 that each shows a distinct germination pheno-
type: i) 168 germinates well in both L-alanine and AGFK; ii) B4143 only 
responds to AGFK; iii) B4146 germinates efficiently in AGFK but only mod-
erately in L-alanine; iv) B4072 germinates only in L-alanine; v) B4067 ger-
minates rather poorly in AGFK and not at all in L-alanine (Table 2, Table 3).
As can be seen in Supplementary Table S2 and Supplementary Figure S3, 
the three main germination operons (gerA, gerB and gerK) as well as other 
important germination genes produced transcripts with similar lengths and 
mostly comparable expression levels in all investigated strains. Also, tran-
scription of gerB in B4067 was comparable as in the other strains despite 
Table 4. Variations in amino acid sequences in germinant receptor subunits that coincide 
with specific germination and heat-activation phenotypes of the investigated B. subtilis 
strains. The amino acid residue positions and protein regions are ascribed according to 
protein sequences and structure predictions for the respective subunits of B. subtilis 168. 
Sequence variations present in GerKB or GerKC subunits of strains B4067-B4073 and 
B4145 that are also present in B4146 are underlined.





GerAA T/Q124A (T-15, Q-1); T453K; D/A454E (D-15; A-1); E481K
globular N- (pos 1-238) 
and C-termini (pos 
428-496)
GerAB F/V53I (F-15; V-1); I90L; I94V; V125I; T154; I187V
TM2; TM3; TM3; TM4; 
TM5; L5/6
GerAC K263T DIII (β)
B4143 GerAC G135C (also in GerAC-B4146); K317N DII, DIII (α)
B4067, 
B4145
GerAB T30S; M201I TM1; TM6
GerAC A/S57Δ (A-12; S-3); K58Δ; S103N; T312I DI; DI; DII (α); DIII (α)





GerAA G260S; S281L; F284Y; L373I* TM1; TM2; TM2; TM4
GerAB A/T108S (A-12; T-3) L3/4
GerAC S/A69F (S-13; A-2); S92L** DI (β); DII (linker)
Poor response 






GerBB S76N; K81T L2/3
GerBC E265D DIII
GerKA
V167A; Q348E; I359S; V383F; 
I446L; F474Y; K/D519Q (K-7, 
D-2); Q541K
globular N-termini; L2/3; 
L2/3; L2/3; TM5; globular 
C-termini (pos 465-558)
GerKB A147V; V181I; I319L TM5; L5/6; TM9
GerKC
A/T8V (A-7; T-2); V15A; A67D; 
M92I; T133S; Y201F; F262L; 
N398D
Signal sequence (pos 1-24); 
DI; DI (α); DII (β); DII (β); 







GerBC N302K DIII (α9)
GerKA V333G; L385M; P413Q TM2; L5/6; TM4
GerKB D265E OL7
GerKC S74Y; T129K; R176W DI (β); DII; DII
Explanations: α – alpha helix; β – beta strand; Δ – deletion; DI, DII, DIII – domain I, II and III, 
respectively; Lx/y – loop between transmembrane helices number “x” and “y”; TM – transmem-
brane helix; T/Q124A (T-15, Q-1) - T present in 15 strains and Q present in 1 strains at position 
124 substituted by A in the strain(s) that show respective phenotype etc.
* L373F mutation in GerAA causes strong germination defect in L-alanine (71).
**S92 residue exhibits 86% conservation among the seven GerBC homologs from B. subtilis, Ba-
cillus amyloliquefaciens, Bacillus pumilis, Bacillus clausii and Bacillus cereus (22); Δ82-93 in GerBC 





































differences in the genetic organization of this operon (Supp. Table S2, 
Supp. Figure S3). The putative GR operons, yndDEF and yfkQRST (25) were 
also transcribed, with yndDEF exhibiting a somewhat higher expression in 
B4143 and B4067 than in 168, B4146 and B4072 (Supp. Table S2, Supp. 
Figure S3). Moreover, the part of the yfkQRST transcripts coding for the yfkT 
gene appeared to be unstable as visualized in JBrowse (Supp. Figure S3).The 
potential germination genes located on the Tn1546 transposon present in 
the B4146, B4067 and B4072 strains were also expressed (Supp. Table S2). 
The gerXA and gerXC genes, which encode likely non-functional GR sub-
units, were transcribed 1.8 ± 0.1 to 8.0 ± 0.3-fold stronger in B4146 and 
B4072 than the gerAA and gerAC genes of these strains, respectively. The 
spoVAC²mob, spoVAD²mob and spoVAEB²mob genes of the spoVA²mob operon were 
expressed similarly as the corresponding genes from the “regular” non- 
transposon spoVAA-AF operon (spoVAC, spoVAD and spoVAEB, respectively). 
Transcription of the first gene of the operon, which encodes a putative pro-
tein of unknown function, was exceptionally high (57-99-fold higher than 
transcription of the spoVAC gene in the respective strains), while the second 
and the last gene of spoVA²mob, which also code for hypothetical proteins 
(27, 28), were expressed to a similar level as spoVAC. The second copy of 
the spoVA²mob operon present in B4067 strain in an unknown genomic con-
text was transcribed around 2.3- to 8.5-fold weaker than the operon on the 
Tn1546-like transposon element (Supp. Table S2). Again, expression of the 
first hypothetical gene was the strongest. Whereas the last hypothetical 
gene, which encodes a putative membrane protein, has been suggested to 
affect spore germination and heat resistance, the role of the second and the 
(highly expressed) first gene of spoVA²mob remains unknown (27, 28).
Discussion
This study shows that the spore germination capacities in response to nu-
trients and accompanying heat-activation requirements are likely shaped by 
the presence (and copy number) of the spoVA²mob operon in the genome and 
sequences of germinant receptor proteins. In contrast, the transcription of 
germination genes during sporulation, which was similar in the five ana-
lyzed strains (168, B4067, B4145, B4072, B4143, B4146) (Supp. Table S2, 
Supp. Figure S3), does not correlate with spore germination phenotypes.
The spoVA²mob operon has been shown to i) increase spore heat resis-
tance (27), (ii) prolong the time required for spore germination and to (iii) 
decrease germination rates (28). Consistent with our previous work in rich 
LB medium (28), this current study shows that the isolates containing the 
 spoVA²mob operon exhibited slower L-alanine- and AGFK-induced spore 
germination (Figure 2). Here, we additionally demonstrate that these dif-
ferences in germination kinetics between spores with and without  spoVA²mob 
persisted even after optimal heat-activation (HA) treatments (Figure 2). 
Importantly, the present work extends former findings by revealing addi-
tional correlations between the spoVA²mob presence and two other spore 
properties, namely higher spore HA requirements and lower germination 
efficiencies (Table 2, Table 3). Furthermore, we show that two copies of the 
 spoVA²mob operon are transcribed, however to different levels (Supp. Table S2).
Overall, low-level heat resistant spores germinated well in response to 
L-alanine and AGFK, with or without HA (at 70°C). High-level heat resistant 
spores generally germinated poorly in L-alanine without HA and in AGFK 
after relatively mild HA (70°C). Interestingly, an optimized HA treatment 
strongly increased germination efficiency of high-level heat resistant B. sub-
tilis spores that contain the spoVA²mob operon only in response to L-alanine 
(usually after HA at 70-80°C) and for strain B4146 (harboring only one copy 
of spoVA²mob) in response to AGFK (87-95°C) (Table 2, Table 3). In contrast, 
AGFK-induced germination of spores with 2 or 3 spoVA²mob copies remained 
relatively poor, even though HA at very high temperatures (95 - 100°C) im-
proved yields of germinated spores up to ~40% (Table 3).
A few important implications arise from these results. First of all, gene 
products encoded by the spoVA²mob operon (and possibly other operons on 
Tn1546) are likely directly or indirectly responsible for inefficient germina-
tion of non-HA spores and for an increase in spore HA requirements (Ta-
ble 2, Table 3), with these effects being amplified when spoVA²mob is pres-
ent in multiple copies. This implies a direct genetic link between spore 
high heat resistance (27), slow germination kinetics (28), low germination 
efficiencies and elevated requirements for HA. The exact mechanism by 
which spoVA²mob affects these processes is not fully understood. Three out 
of seven products of the spoVA²mob operon, namely SpoVAC²mob, SpoVAD²mob 
and SpoVAEb ²mob, display 55%, 49%, and 59% amino acid sequence iden-
tity, respectively (27, 28), with the SpoVAC, SpoVAD and SpoVAEb proteins 
encoded by the “regular” conserved heptacistronic spoVA (spoVAA-spoVAF) 
operon (72, 73). The latter conserved SpoVA proteins are required for DPA 
uptake during sporulation (36, 72) and DPA release during germination 
(26, 36, 37, 73). The products of spoVA²mob seem to elevate spore heat re-
sistance partly via an auxiliary role in DPA uptake as indicated by signifi-
cantly higher (~1.5-fold) DPA concentrations in spores of the B. subtilis 168 
strain engineered to harbor the Tn1546 transposon with the spoVA²mob op-
eron (strain B4417) and of B. subtilis 168 amyE::spoVA²mob than in the wild 
type 168 spores (27). However, this phenomenon does not correlate with 
improved efflux of DPA upon germination. In fact, during the two-hour 





































spores (31.6 ± 0.7% DPA released) when compared to B4417ΔspoVA²mob 
(45.8 ± 3.1%) and 168 (67.1 ± 6.3%) spores, as monitored by fluorescence 
of released DPA with terbium (Tb3⁺:DPA) (data not shown) measured in a 
fluorescence plate-reader, similarly as described before (41). In contrast to 
the “regular” conserved spoVA operon, spoVA²mob does not encode homo-
logs of the SpoVAEa and SpoVAF proteins, which are reportedly important 
for DPA release during GR-dependent spore germination, but not for DPA 
uptake during spore formation (74). For this reason, the spoVA²mob products 
may not be able to support DPA transport during germination. Instead, 
they might compete with the “regular” SpoVA channels or interfere with 
the SpoVA proteins and/or GRs (37, 75), either directly or indirectly by al-
tering the spore IM properties. Such interference could be caused not only 
by the three SpoVA homologs but also by the four proteins of unknown 
function, as suggested by a somewhat improved spore germination after 
the deletion of the last gene that encodes a putative membrane protein 
from B4417 strain (28).
Secondly, findings from this study indicate that various GR types in the 
high-level heat resistant spores differ in their HA requirements and thermal 
stabilities. Regardless of the spoVA²mob copy number, germination in L- alanine, 
which occurs via GerA (25), was optimally activated at lower temperatures 
than germination in the AGFK mixture (Table 2, Table 3), which is mediated 
by a cooperative action of GerB and GerK (25). Moreover, L- alanine ger-
mination was easily diminished by too severe pre-heating (Table 2). Thus, 
consistently with a previous report on low heat resistant spores of B. subtilis 
168 (32), the GerA receptor of the high heat resistant spores also seems to 
require the mildest HA treatment and appears the most thermolabile (Ta-
ble 2). Differences in HA requirements of individual GRs support the notion 
that HA directly affects the GR proteins (32). However, the results from our 
current study make it plausible that HA acts in a dual manner: both indi-
rectly on the IM and directly on the GRs. Alternatively, HA could improve 
spore germination by affecting the IM, but the exposure to (excessive) heat 
could simultaneously negatively influence GR proteins. Therefore variation 
in the thermal stabilities of specific GRs could lead to differences in the way 
HA affects individual nutrient-induced germination pathways.
Thirdly, our results suggest that in addition to spoVA²mob, the amino acid 
sequences of GR proteins likely affect GR thermal stabilities and HA re-
quirements. Spores of B4068 and B4073, which germinate efficiently with 
L-alanine even after exposure to 95°C (Table 2), have several distinct amino 
acid residues in the three GerA subunits (Table 4). Similarly, characteristic 
amino acids occur in GerBB, GerBC and GerKA-KD (Table 4) of the food-
borne strains that germinate moderately in AGFK only after severe HA at 
95 or 100°C (Table 3). Contradictory to the current work, our previous 
study (28) has shown that HA at higher temperatures does not improve 
germination rates and efficiencies of spores of the B. subtilis 168 strain with 
the spoVA²mob operon introduced on the Tn1546 transposon (B4417). This 
discrepancy could be explained by an assumption that GRs of B. subtilis 
168 are intrinsically less thermostable than GRs of high-level heat resistant 
spores; thus more severe HA would simultaneously counteract the effect 
of spoVA²mob and reduce activity of B4417 GRs. This explanation further 
supports the hypothesis that final spore HA requirements are concurrently 
shaped by the spoVA²mob operon and by the (sequence-dependent) proper-
ties of the individual GRs.
Another observation from this work is that certain germination path-
ways, in particular involving the GerA receptor and L-alanine, may be (at 
least temporarily) deactivated by pre-heating at less severe conditions 
than are required for the inactivation of spores. High-level heat resistant 
spores included in this study have decimal reduction times (D-values) at 
100°C of 83.0 ± 32.3 minutes for B4146 spores and between 310 ± 137 
and 4224 ± 2470 minutes for B4067-B4073 and B4145 spores (Table 1) 
(4, 27) and their counts are reduced no more than 0.1 log (1.26-fold) after 
heating at 100°C for 1 h (4). In contrast, germination responses in L-alanine 
of some high-level heat resistant spores are substantially decreased after a 
30-minute heat treatment at 80-95°C (Table 2). Most strikingly, L- alanine-
induced germination of B4072 spores decreased ~6-fold (94.9 ± 1.0% to 
15.7 ± 2.8%) after a heat-treatment at 95°C when compared with heating 
at 80°C (Table 2). Although a certain low degree of spore inactivation could 
potentially occur at the highest used activation treatments (95-100°C), the 
observed reduction in germination cannot be attributed solely to spore kill-
ing since the D-value for B4072 spores at 100°C reaches 340 ± 197 min-
utes (Table 1) (27). Taken together, the observed decrease in spore germi-
nation in L-alanine after such heat treatments is more likely due to specific 
inactivation of the GerA receptor complex than spore killing. Since the com-
plete spore is not inactivated, germination may still occur in response to 
other germination triggers.
The presence of multiple spoVA²mob copies in the genomes of eight 
B. subtilis strains (B4067-B4073 and B4145) correlates with modest (max-
imally 42.7 ± 17.7%) spore germination in AGFK (Table 3) even after HA at 
95-100°C. A causative relationship between these two factors is however 
unclear. First of all, this was not observed for L-alanine-induced germina-
tion, which becomes efficient after proper spore HA (Table 2) for spores 
of strains harboring spoVA²mob. Secondly, the same spores that harbor 2 to 
3 spoVA²mob copies (and germinate weakly in AGFK) share several changes 
in amino acid sequences of the GerBB, GerBC and GerKA-KD subunits 





































contain 0 to 1 copies of spoVA²mob) (Table 4). Unfortunately, despite mul-
tiple attempts we were unable to introduce the respective mutations in 
the relevant ger genes in B. subtilis 168 in order to directly test their effect 
on spore germination and HA requirements. Still, it cannot be excluded 
that some of these distinctive amino acid residues contribute to the lower 
responsiveness of these spores to the AGFK mixture. Notably, the same 
unique amino acids might simultaneously cause reduced functionality and 
higher thermostability of these GRs, as a decreased conformational flexi-
bility that is characteristic for thermostable proteins has been suggested 
to compromise their activities (76, 77). Potentially stabilizing amino acid 
changes, such as substitutions to L-alanine that tend to stabilize α-helices 
(78, 79) or to hydrophobic amino acids that can increase a degree of pro-
tein packing (80), can be found in the GR subunits of the investigated high 
heat resistant strains (Table 4). However, the prediction of mutations with 
thermostabilizing effects is generally challenging (81, 82) and in case of GRs 
additionally hindered by their membrane-associated localization and pre-
dominantly unknown protein structures and mechanisms of action (26, 32).
In contrast to GerB and GerK, no common distinctive residues in the 
GerA subunits were found for all five strains whose spores germinate barely 
(B4143, B4058, B4067 and B4145) or moderately (B4146) in response to 
L-alanine (Table 4, Supp. data S2). A few identical amino acid changes were 
found in GerAB and GerAC of closely related B4067 and B4145 strains (Fig-
ure 1) and one common substitution (G135C) was present in GerAC of strains 
B4143 and B4146 (Table 4, Supp. data S2). The three GerA subunits of strain 
B4058 contain multiple unique amino acid residues distinguishing them 
from the GerA proteins of all other analyzed strains (Table 4, Supp. data S2). 
The very poor or moderate responsiveness to L-alanine observed for B4143, 
B4067, B4145, B4058 and B4146 spores may therefore be caused by var-
ious strain-specific changes in the GerA protein sequences (Table 4, Supp. 
data S2). This constitutes an interesting subject for future investigation.
In summary, we show that apart from inter-strain phenotypic variation 
in spore HR, germination and HA requirements that correlates to spoVA²mob 
presence, the influence of other intrinsic factors, in particular GR protein 
sequences, further complicates the prediction of spore properties and be-
havior in response to heat and nutrients. These findings have major impacts 
on practice in the food industry and challenge standardization of risk as-
sessment and preservation techniques. Firstly, in quality assessment, the 
recovery and enumeration of spores from food products and food process-
ing equipment involves specific heat treatment methods and commonly 
applied plating techniques, which can result in an underestimation of vi-
able spores due to poor, heterogeneous and unpredictable spore germi-
nation properties. In addition to optimization of germinants conditions 
(42), this study shows that the use of optimal HA treatments, especially 
for high-level heat resistant spores, could help alleviate this problem. Fur-
thermore, our findings suggest that some of heat treatments that are used 
in food processing for spore inactivation can result in the activation rather 
than inactivation of high-level heat resistant spores and thus increase un-
wanted spore germination and outgrowth in food products, thereby de-
creasing food safety. Finally, as processing conditions in food manufactur-
ing likely select for spores with properties that are different from those of 
the commonly- studied laboratory strains, our study underlines the impor-
tance of extending scientific research from model laboratory organisms to 
industrially- relevant species and strains.
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High heat resistance of spores of Bacillus thermoamylovorans poses challenges 
to the food industry as industrial sterilization processes may not inactivate such 
spores, resulting in food spoilage upon germination and outgrowth. In this study, 
the germination and heat resistance properties of spores of four food-spoiling 
isolates were determined. Flow cytometry counts of spores were much higher 
than their counts on rich medium (maximum 5%). Microscopic analysis revealed 
inefficient nutrient-induced germination of spores of all four isolates despite 
the presence of most known germination-related genes, including two operons 
encoding nutrient germinant receptors (GRs), in their genomes. In contrast, ex-
posure to non-nutrient germinant calcium-dipicolinic acid (Ca-DPA) resulted in 
efficient 50 to 98% spore germination. All four strains harbored cwlJ and gerQ 
genes, which are known to be essential for Ca-DPA-induced germination in Ba-
cillus subtilis. When determining spore survival upon heating, low viable counts 
can be due to spore inactivation and an inability to germinate. To dissect these 
two phenomena, the recoveries of spores upon heat treatment were deter-
mined on plates with and without pre-exposure to Ca-DPA. The high heat resis-
tance of spores as observed in this study (D120°C 1.9 ± 0.2 and 1.3 ± 0.1 minutes, 
z-value 12.3 ± 1.8°C) is in line with survival of sterilization processes in the food 
industry. The recovery of B. thermoamylovorans spores can be improved via non- 
nutrient germination, thereby avoiding gross underestimation of their levels in 
food ingredients.
Introduction 
Bacillus endospores (or spores) are widely present in nature and may con-
taminate food ingredients and food products. Due to the intrinsic stability 
of spores, which allows them to withstand environmental insults, sufficient 
inactivation of spores in commercially sterile food products is a major chal-
lenge for the food industry (6, 53, 54, 64).
Bacillus thermoamylovorans produces spores with high heat resistance 
(54), and the spores are known to survive industrial food sterilization pro-
cesses. The organism is facultatively anaerobic and has the ability to grow 
at temperatures between 40°C and 58°C (11, 31). In our experience strains 
of B. thermoamylovorans are able to grow at 37°C, but not at 30°C. The 
organism was first described as a non-sporogenous species (10, 11), but in 
an amended species description the formation of spores was reported (13). 
The occurrence of B. thermoamylovorans has been reported in a gelatin pro-
duction plant and at dairy farms (14, 54). The genome sequence of one non-
food-related B. thermoamylovarans strain from a biogas plant was published 
recently (31). Overall, the species has not been well characterized and little 
is known about the spore properties that are important for control in foods, 
including spore resistance to various processing conditions and germina-
tion of spores that survive. 
When spores exit dormancy via germination, food spoilage can occur 
upon outgrowth. These processes have been well studied in Bacillus subtilis 
(38, 42, 57, 58). Germination can be induced by both by nutrient and non- 
nutrient triggers, called germinants. Nutrients can initiate germination via 
interaction with germinant receptors (Ger receptors, GRs) that are localized 
in the inner membrane of the spore and consist of three or four different sub-
units (A, B, C and D) (41, 47, 51, 61). The responsiveness of GRs to nutrient 
triggers can be enhanced by exposure of spores to sub-lethal temperatures 
during a so-called heat activation step (30, 57).In contrast, germination via 
the non-nutrient germinant dipicolinic acid chelated with Ca²⁺ ions (Ca-DPA) 
occurs by direct activation of the cortex lytic enzyme (CLE) CwlJ, thereby 
bypassing the requirement of GRs (40). Activated CwlJ then hydrolyzes the 
protective peptidoglycan cortex resulting in rehydration of the spore core 
(9). Ca-DPA-induced germination has been reported to be independent of 
a heat activation treatment (8). The germination behavior of spores is a 
heterogeneous process (17), which is reflected by varying germination ki-
netics and/or the emergence of so-called superdormant spores that do not 
respond to the applied germination trigger (22, 23, 44, 50). For B. subtilis it 
has previously been described that spores superdormant to nutrients har-
bor lower numbers of germination receptor proteins (21), whereas spores 





































Improved understanding and control of bacterial food spoilage can be 
facilitated by combining experimental findings with in silico analysis of ge-
nome content (48). In this study, spore germination of four food isolates 
of B. thermoamylovorans (isolated from either acacia gum or milk) was in-
vestigated in response to nutrient and non-nutrient triggers, and the ge-
nome sequences of the strains were determined (32). The strain-specific 
spore germination data were linked with presence or absence of import-
ant germination-related genes. In addition, spore heat resistance kinet-
ics were determined using standard plating techniques, with and without 
a Ca-DPA pre-treatment, based on the insights into germination of this 
species obtained in this study. This approach led to a more accurate as-
sessment of viable spore counts and heat resistance properties of spores 
of this species. 
Materials and methods 
Strains
Four strains of B. thermoamylovorans isolated from different sources were 
used in this study for characterization of the spore properties. Strains 
B4064 and B4065 were isolated from acacia gum, whereas strains B4166 
and B4167 were isolated from milk. For all strains, the genome sequences 
were determined (32). 
Spore preparation
Spores of B. thermoamylovorans were prepared as previously described for 
B. subtilis (4, 52) with slight modifications. The strains were pre-cultured 
for 16 hours at 45°C in Brain Heart Infusion Broth supplemented with 
1 mg/L vitamin B12 (BHI-B, Merck) and subsequently spread on Schaeffer 
sporulation agar plates supplemented with 1 mg/L vitamin B12 (54). These 
plates were incubated at 45°C for 7 days, and spores were harvested and 
washed successively in sterile water, as described before (4). Spore suspen-
sions were stored at 4°C for 2 to 4 weeks prior to experiments. The purity 
of the spore suspensions (> 95% phase-bright spores) was checked using 
phase-contrast microscopy (see below). For each strain, three independent 
spore crops were prepared. 
Spore quantification 
Spore suspensions were enumerated in two ways, namely by plate count-
ing and flow cytometry. The spore counts were assessed by plate count-
ing as follows. Spore suspensions were heat-activated at 80, 90 and 100°C 
for 10 minutes, followed by pour-plating in BHI-agar (BHI-A) plates sup-
plemented with 1 mg/L vitamin B12 (in duplicate). Plates were incubated for 
5 days at 45°C, after which colony forming units (CFUs) were enumerated. 
An increase in the heat activation temperature (up to 100°C for 10 min) did 
not affect the CFU counts, therefore 80°C for 10 minutes was used routinely 
to assess the spore CFU counts. Based on the initial counts obtained, the 
spore suspensions were diluted to a working spore suspension of approxi-
mately 108 CFU/mL, in phosphate buffered saline (PBS), with a pH of 7.4.
Absolute spore counts were also determined by flow cytometry using 
a BD FACSAria II flow cytometer operated with BD FACSDiva Software 
(version 6.0, BD Biosciences). Spore suspensions were diluted 100 times 
in sheath fluid (BD FACSFlow, BD Biosciences) to obtain event rates below 
2000 event s⁻1, and at least 20.000 events were measured for each spore crop 
(19). A predetermined amount of reference beads (Microsphere standard 
(ø 6 µm) Live/Dead BacLight Bacterial Viability and Counting Kit L34856) 
was added to each spore suspension, corresponding to 5 x 105 beads per mL. 
For each strain, three independent spore crops were measured in duplicate. 
Spore germination 
Spore germination was studied and quantified using phase-contrast mi-
croscopy (see below). Prior to the experiments, spore crops were washed 
with ice-cold sterile Milli-Q water. If not stated otherwise, spores were 
heat- activated at 80°C for 10 minutes or at 70°C for 30 minutes and sub-
sequently cooled on ice and washed again with cold water. Heat-activated 
spores were diluted to a final OD600 of 1 in 200 µl of BHI or Luria Bertani 
(LB) medium supplemented with vitamin B12 (1 mg/L) and chloramphenicol 
(7.5 mg/L) to prevent outgrowth of vegetative cells (26, 60). Alternatively, 
spores were diluted in mixtures of various nutrient-based germinants dis-
solved in 25 mM Tris-HCl, pH = 7.4: i) 100 mM L-alanine; ii) L- asparagine, D- 
fructose, D-glucose, KCl (all 50 mM); iii) L-alanine, L- arginine, L- asparagine, 
aspartic acid, L-cysteine-HCl, glutamic acid, L-glutamine, glycine, L- histidine, 
inosine, L-isoleucine, L- leucine, L-lysine, L-methionine, L-phenylalanine, 
L-proline, L-serine, L- threonine, L-tryptophan, L-valine (all 10 mM); iv) L- 
alanine, L- arginine, L-asparagine, aspartic acid, L-cysteine-HCl, glutamic acid, 





































L-methionine, L-phenylalanine, L-proline, L-serine, L- threonine, L- tryptophan, 
L-valine, D-fructose, D-glucose, KCl (all 10 mM), chloramphenicol (7.5 mg/L). 
For non-nutrient-induced germination experiments, non-heat-activated 
spores were diluted in equimolar mixtures of 20, 40, 60, 80 mM CaCl2 and 
DPA (pH = 7.4). A preliminary analysis indicated that 40 mM Ca-DPA was 
the most efficient concentration to trigger germination (data not shown) and 
this concentration was used in further experiments. As negative controls, 
both non-heat-activated and heat-activated spores were diluted in 25 mM 
Tris-HCl, pH = 7.4. Spore dilutions were then incubated at 42°C while shak-
ing (220 rpm). After 3, 6 and 24 hours, the transition of phase-bright dor-
mant spores to phase-dark germinated spores was monitored using phase- 
contrast microscopy. Microscopic imaging was performed using an IX71 
microscope (Olympus) with a CoolSNAP HQ2 camera (Princeton Instru-
ments), using a 100x phase contrast objective, and DeltaVision softWoRx 
3.6.0 (Applied Precision) software. Images were taken using 32% APLLC 
White LED light and 0.3 s exposure. The pixel size was 0.0643 µm and 
binning was set to 1x1. Images obtained were analyzed using Fiji software 
(http://fiji.sc/Fiji (55)). For quantification of ratios of germinated and dor-
mant spores, a minimum of 300 spores per condition was examined. All ex-
periments were performed in duplicate using two independent spore crops. 
Spore heat inactivation 
Spore heat inactivation was determined using capillary tubes using two in-
dependent spore crops for each of the four strains, as previously described 
(4, 65). For all strains the spore working suspensions (108 spores/mL in PBS) 
were heated at 110°C, at ten different time points up to 23 minutes. For 
strain B4064 the inactivation experiments were additionally performed at 
115°C and 120°C to allow for detailed inactivation kinetics determination. 
Upon heat treatment, one part of the spore suspension was 10-fold serially 
diluted in peptone water and appropriate dilutions were pour-plated in du-
plicate in BHI-agar plates supplemented with 1 mg/L vitamin B12. The other 
part of the heated spore suspension was exposed to 40 mM Ca-DPA in 
sterile peptone water for 3 hours at 45°C, followed by pour-plating 10-fold 
serial dilutions (made in peptone water) in duplicate in BHI-agar plates sup-
plemented with 1 mg/L vitamin B12. Per experiment, plating was performed 
in duplicate. After incubation for 5 days at 45°C, CFUs were enumerated 
and recovery of spores determined.
The survivor count was plotted against the inactivation time, and based 
on the shape of the inactivation plot a model was selected for fitting. Model 
fitting was performed with Microsoft Excel using the Solver Add-in. 
For the experiments that included an incubation step with Ca-DPA prior 
to plating, the data were fitted with the log-linear model where the D-value 
was determined, as presented in equation 1.
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With Nt being the surviving spore count at time t, N0 being the initial 
spore concentration, t the time (time unit), and D the decimal reduction time.
The inactivation plots of the experiments that did not included a Ca-DPA 
incubation step prior to plating showed the presence of a heat sensitive 
and a heat resistant population; therefore these were fitted with the bipha-
sic Geeraerd model as described in Equation 2 (20). 
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Where Nt is the survivor count at time t, N0 is the initial spore count, 
(1-f) and f the heat sensitive and heat resistant fraction, respectively, ksen 
and kres the inactivation rates (time unit⁻1) of the sensitive and the resistant 
populations, respectively, t the time (time unit) and S the duration of the 
shoulder (time unit). Th  D-value, was calculated by dividing the reciprocal 
of the inactivation rates by the natural logarithm of 10.
For the experiments with strain B4064 that included incubation with Ca-
DPA prior to plating, additionally the z-value, the increase in temperature 
required to achieve an additional log unit reduction, the reference D-value 
(Dref) at reference temperature (Tref) 121.1°C, and the 95% pre iction inter-
val (PI) were calculated as previously described (63). 
Genome mining 
For all of the predicted protein sequences of the four B. thermoamylovo-
rans strains and reference strain B. subtilis 168, an orthology prediction was 
performed using Ortho-MCL (33) (Supplementary dataset 1). To find po-
tential functional equivalents for a selection of germination-related genes 
(Table 1), corresponding protein sequence alignments were made using 
MUSCLE (16), followed by construction of a hidden Markov model (HMM) 
that was subsequently used to scan all genomes (29). For selected proteins 
found in this manner, maximum likelihood trees were constructed using the 
maximum likelihood phylogeny program PHYML (25). Phylogenetic trees 
were manually inspected for evolutionary relatedness of the proteins. Ad-





































in the SEED Viewer (39) on the RAST annotation server (2). Prediction of 
binding sites for sporulation sigma factors (18) upstream of selected genes 
was performed with use of the database of transcriptional regulation in 
B. subtilis (DBTBS; http://dbtbs.hgc.jp) (37). Schematic visualization of the 
predicted operon structures of genes: ger(x1)ABC, ger(x2)ABC, spoVAA-AF, 
cwlJ, gerQ, cwlJ2, gerQ2 (Figure 3) was made with the draw context tool on 
the  Genome2D server (http://genome2d.molgenrug.nl) (3).
Results 
Quantification of spores
Spores, prepared on Schaeffer agar plates, were characterized with respect 
to spore germination and heat resistance. The number of spores in 1 mL of 
the working spore suspension was quantified using flow cytometry or CFU 
enumeration. The obtained numbers of spores per mL were strikingly differ-
ent depending on the quantification technique used (Figure 1). Using flow 
cytometry, the absolute number of spores in spore suspensions of strains 
B4064, B4065, B4166 and B4167 were 1.9, 1.3, 1.8 and 1.6 log units 
higher, respectively, than when enumerated using plating in BHI-A with vi-
tamin B12. Since CFU plate counting enumeration depends on spore ger-
mination and outgrowth, this discrepancy indicates that only a small frac-
tion (1.3% ± 1.0%, 5.3% ± 2.4%, 1.6% ± 0.9%, and 2.5% ± 2.1% for spores 
of strains B4064, B4065, B4166, and B4167, respectively) of the absolute 
number of spores undergoes germination and subsequent outgrowth on 
the BHI-A plates.
Germination with nutrient germinants
To establish whether the discrepancy between absolute spore counts and 
CFU counts was caused by inefficient germination, the germination effi-
ciency of the heat-activated spores in the nutrient-rich BHI medium was 
assessed using phase-contrast microscopy. The analysis showed that the 
fraction of spores that germinated in BHI did not exceed 2.6% ± 0.8%, 
13.6% ± 3.6%, 4.8% ± 0.5% and 5.8% ± 2.1% for strains B4064, B4065, 
B4166 and B4167, respectively (Figure 2). These numbers hardly exceeded 
the percentage of phase-dark spores in the negative controls (2.2% ± 0.7%, 
6.2% ± 0.5%, 2.7% ± 2.2% and 4.8% ± 2.3%, respectively) (Figure 2). More-
over, the percentage of germinated spores did not increase significantly in 
time (Figure 2). This implies that spores of B. thermoamylovorans germinate 
very poorly in BHI. In addition, spore germination was assessed in LB and 
simple nutrient mixtures: i, ii, iii, and iv (details in Materials and Methods), 
which resulted in similar observations (data not shown). Likewise, alter-
ing or omitting the heat-activation treatment did not increase germination 
efficiency in rich medium (data not shown). Altogether, these results indi-
cated that the tested nutrient germinants were not triggering germination 
of B. thermoamylovorans spores efficiently.
Germination with Ca-DPA
Besides germination of spores in response to nutrients, which requires the 
presence of GRs in the spores (42, 57), germination can also be induced by 
non-nutrient germinants, for instance Ca-DPA, or by very high hydrostatic 
pressure (400–800 MPa) via mechanisms that are independent of GRs (5, 
15, 42, 57). A weak germination response of B. thermoamylovorans spores 
was observed for nutrient triggers (Figure 2A). In addition, the germination 
of spores in response to addition of the non-nutrient germinant Ca-DPA 
was assessed; this type of germination does not require GRs (40). Exposure 
of spores to 40 mM Ca-DPA for 3 hours resulted in very efficient spore ger-
mination for strains B4064 and B4065 (75.3% ± 7.2% and 95.7% ± 2.1% of 
germinated spores, respectively) and moderately efficient germination for 
strains B4166 and B4167 (32.8.7% ± 5.4% and 43.0% ± 9.4%, respectively) 
(Figure 2). After 24 hours of incubation, spore germination increased to 
95.6% ± 3.0 % and 97.6% ± 1.2% for strains B4064 and B4065, respectively, 
whereas it reached 49.7% ± 5.5% and 58.3% ± 5.6% for strains B4166 and 
B4167, respectively (Figure 2). Altogether, these results indicate that Ca-
DPA is an efficient germination trigger for B. thermoamylovorans spores, but 
the germination responses varied between the different isolates.
Figure 1. Comparison of the spore count (log10 CFU/mL) obtained per strain by flow cy-
tometry and plating on BHI after a heat treatment of 80°C for 10 minutes. Mean counts of 





































Genome mining for germination genes 
To explain the observed germination phenotypes, i.e., inefficient germina-
tion in response to nutrient triggers, and different responses to Ca-DPA 
between strains, the presence of germination genes was evaluated in the 
genomes of the four B. thermoamylovorans isolates through genome mining 
(Table 1). In B. subtilis, nutrient-induced germination requires specific GRs 
that bind nutrient germinants (41, 51) and is facilitated specifically by sev-
eral proteins, such as GerD (43), and GerPABCDEF (7).The analysis of the 
genomes of the four B. thermoamylovorans strains revealed the presence 
of GR genes which are deemed important for sensing nutrient germinants 
(Table 1), but despite their presence, only weak germination of spores was 
observed in the presence of rich media and various nutrients. The GR genes 
included two complete tri-cistronic operons, referred to further as ger(x1)
ABC and ger(x2)ABC, both encoding putative GRs (Table 1 and Figure 3). 
Both ger operons are predicted to be preceded by single (in the case of 
ger(x1)ABC) or double (in the case of ger(x2)ABC) binding sites for the spor-
ulation sigma factor SigG (Figure 3). In addition, the following genes encod-
ing proteins that are expected to facilitate responses to nutrients (7, 28, 43) 
were found in the genomes of all four stains: gerD, gerF, gerPA, gerPB, gerPC, 
gerPD, gerPE, gerPF (Table 1).
Genes other than the ones directly involved in sensing nutrients, but 
which play a role in subsequent germination events, were also found in 
the B. thermoamylovorans genomes (Table 1). These included the cwlJ, sleB, 
gerQ and ypeB genes which encode proteins that are important for lysis 
of the protective cortex layer, and nearly all of the spoVA genes (spoVAA, 
spoVAB, spoVAC, spoVAD, spoVAEb, spoVAF), some of which encode pro-
teins that are responsible for release of DPA from the spore core (42, 57). 
The germination gene spoVAEa was absent in the four sequenced B. ther-
moamylovorans strains but SpoVAEa is considered to play only a minor 
role in germination (45). Interestingly, some spoVA genes, namely  spoVAC, 
spoVAD, spoVAEb, occurred in multiple copies in the genome of the se-
quenced strains of B. thermoaylovorans (Table 1). Thus, besides single 
spoVAA and spoVAB genes, all strains possessed three spoVAC and spoVAD 
genes as well as two  spoVAEb and two spoVAF genes. The spoVA genes of 
B. thermoamylovorans were found in five different operons: i) the spo(VA1) 
operon comprising spoVAA-spoVAB-spoVAF; ii) spo(VA2) consisting of 
 spoVAC-spoVAD genes; iii) spo(VA3) and iv) spo(VA4) operons, both con-
taining spoVAC-spoVAD- spoVAEb genes; and v) spoVA5, which comprises a 
single spoVAF gene (Table 1 and Figure 3). 
In B. subtilis, Ca-DPA initiates germination by direct activation of the 
cortex lytic enzyme CwlJ (36, 40), which requires GerQ for proper local-
ization in the spore coat (46). Strains B4166 and B4167 contain a single 
cwlJ gene and gerQ gene, whereas strains B4064 and B4065 both carry 
two copies of cwlJ (further referred to as cwlJ and cwlJ2) and two copies of 
gerQ (referred to as gerQ and gerQ2) (Table 1). Both cwlJ and gerQ, as well as 
cwlJ2 and gerQ2 are adjacent to each other on the chromosome, possibly 
Figure 2. Quantification of spore germination efficiency using phase-contrast microscopy. 
Spores were either heat-activated (HA) or not (n-HA) and exposed to BHI plus vitamin 
B12 (A), Ca-DPA (B) or Tris buffer (control). Germination was calculated as the percentage 
of phase-dark spores on phase-contrast microscopic images made after 3, 6 and 24 hours 
of incubation with germinant (images are shown for 24h only). Mean percentages of two 
























































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































forming an operon preceded by the predicted SigE and SigK binding sites 
(Figure 3). Pairwise amino acid alignments revealed 81% sequence identity 
between the CwlJ and CwlJ2 proteins. Moreover, both CwlJ and CwlJ2 
contain the probable key catalytic glutamate 21 residue (E21) (Suppl. Fig-
ure 1) (34). The same holds true for GerQ and GerQ2, which also exhibit 
high sequence identity (61%).
Spore heat inactivation and modelling
The heat inactivation of spores at 110°C was assessed for all strains, with-
out a Ca-DPA treatment and with a Ca-DPA treatment to trigger non- 
nutrient germination before plating. The inactivation curve of spores that 
were not treated with Ca-DPA prior to plating showed bi-phasic behaviors 
with tailing, and data were fitted with a biphasic model from which the 
shoulder parameter was omitted (Figure 4) (20). For these data sets, the 
D110°C values ranged from 0.7 (standard error ± 0.1) min to 3.3 ± 0.5 min 
for the heat sensitive fraction of the spores, and from 9.3 ± 1.9 min to 
33.7 ± 2.0 min for the heat resistant fraction (Suppl. Table 1). In contrast, 
tailing was not observed for any of the strains when spores were treated 
with Ca-DPA prior to dilution and plating. These inactivation curves were 
fitted with a log- linear model. For these data sets, the D110°C values ranged 
from 9.7 ± 0.5 min to 26.1 ± 3.2 min (Suppl. Table 1). For strain B4064, 
the inactivation kinetics were determined at 110°C, and in addition also 
at 115°C and 120°C. This allowed for the determination of the z-value 
(12.2 ± 1.8°C) and calculation of a Dref (Tref = 121.1°C) of 1.4 min (upper 95% pre-
diction interval 2.9 min) (Suppl. Table 1).
The viable spore counts that were obtained on plates following expo-
sure to Ca-DPA always exceeded the viable spore counts that were ob-
tained upon direct plating (without Ca-DPA exposure). This was the case 
for the initial spore count and the counts after heat treatment (Figure 2). 
Figure 3. Schematic visualization of the predicted operon structures of: ger(x1)ABC and 
ger(x2)ABC encoding putative germinant receptors (A); cwlJ gerQ and cwlJ2, gerQ2 involved 
in Ca-DPA germination (B); five spoVA operons: spo(VA1), spo(VA2), spo(VA3), spo(VA4) 
and spo(VA5) (C). The sigma factor binding sites, together with the threshold p-values 
used for their prediction, are indicated with black arrows. The asterisk (*) indicates that 
cwlJ2 and gerQ2 are present only in strains B4064 and B4065 (A). The spoVA operons 2, 3 
and 4: spo(VA2), spo(VA3) and spo(VA4) next to spoVA genes contain also genes encoding 
hypothetical proteins, indicated with light gray arrows, and predicted internal sigma factor 
binding sites (C). Operon spo(VA2) containing spo(VA2)C and spo(VA2)D genes is located 
on the edge of the contig in genomes of all B. thermoamylovorans food isolates. Thus, the 
nucleotide sequence, and predicted promoters, upstream of the two genes that encode hy-
pothetical proteins indicated as “h**” are unknown.However, as the nucleotide sequence of 
the two h** genes encoding hypothetical proteins (h**) in the operon spo(VA2) is highly sim-
ilar to the sequence of the h** gene in front of the spo(VA3)C gene in the operon spo(VA3), 
it is probable that the sequences upstream of the operons spo(VA2) and spo(VA3) are similar 





































The maximum difference in spore viable numbers after heat exposure 
with and without exposure to Ca-DPA was 3.4 log units for strain B4065. 
Notably, the difference in viable spore counts between the two different 
methods was more prominent in strains B4064 and B4065 than in strains 
B4166 and B4167.
Discussion 
Spores of B. thermoamylovorans can pose problems in commercially sterile 
foods due to their high heat resistance and unpredictable germination. To 
improve our understanding of this problematic species and identify possi-
ble leads for spoilage control, we combined a phenotypic characterization 
of the germination behavior of four different food-related isolates with in 
silico analysis of their genome sequences (32). Based on our new insights 
into the germination properties of spores of this species, we subsequently 
determined heat resistance properties of spores of individual strains. 
This study has shown that poor recovery of spores of B. thermoamylo-
vorans on standard rich cultivation media leads to a significant underes-
timation of the spore load that is actually present: enumeration of spores 
in spore suspensions using flow cytometry and plating on BHI-A showed 
that only a few percent (1.3%-5.0%) of B. thermoamylovorans spores formed 
colonies (Figure 1). Increase of the activation temperature did not improve 
spore counts (data not shown). This low number of colonies on BHI plates 
resulted mainly from inefficient spore germination in response to nutrients, 
as only 2.6%-13.6% of spores germinated in the BHI broth (Figure 2). No-
tably, the germination of B. thermoamylovorans spores was also very limited 
in the presence of LB broth and a variety of tested nutrient germinants, 
including L-alanine, a combination of L-asparagine, D-glucose, D-fructose, 
KCl, a mixture of 19 individual amino acids and inosine with or without 
D-fructose, D-glucose and KCl (data not shown). Based on these obser-
vations, the absence of genes encoding one or more germination proteins 
would provide a plausible explanation for a weak germination response of 
B. thermoamylovorans spores to nutrients. In B. subtilis it is known that the 
initial stages of nutrient germination require at least one functional germi-
nant receptor plus the GerD protein (43), and the germination process is 
facilitated by the GerP proteins (7). At a later stage, some of the SpoVA pro-
teins enable release of Ca-DPA from the spore core to the environment and 
finally, at least one of the two lytic enzymes, CwlJ or SleB, is required for 
hydrolysis of the spore protective cortex layer (42, 57). In silico analysis of 
the genome sequences of B. thermoamylovorans showed that all known ger-
mination-specific genes, with the only exception of spoVAEa, were present 
in the genomes of the four strains, some of them in multiple copies (Table 1). 
Two tri-cistronic operons encoding putative GRs were found on the 
chromosome, as well as the gerD gene (Table 1), indicative of a potential 
of B. thermoamylovorans spores to respond to nutrient germination triggers. 
Despite the fact that one of the GR operons in strains B4064 and B4065 
encoded proteins that belong to the same orthologous group as the B. sub-
tilis GerK receptor subunits, spores of B. thermoamylovorans displayed very 
Figure 4. Spore heat inactivation plots of B. thermoamlyovorans strains B4065 (A), B4166 
(B) and B4167 (C), and B4064 (D), at 110°C. For strain B4064, this spore inactivation was 
additionally determined at 115°C (E) and 120°C (F). For all strains, two independent spore 
crops were exposed to a heat treatment followed by exposure to Ca-DPA (40 mM for 
3 hours) or not before enumeration of survivors. The open circles and open squares corre-
spond to spore crop 1 and 2, respectively, without Ca-DPA treatment. Closed circles and 





































little or no response to a nutrient mixture known to specifically trigger GerK 
(namely L-asparagine, fructose, glucose and potassium ions). In B. subtilis, 
activation of the GerK receptor in response to this mixture is also linked 
with the GerB receptor (1); our analysis indicated that subunits of the GerB 
receptor are absent in B. thermoamylovorans, which may explain the lack 
of germination in response to this mixture. Also, it is known from litera-
ture that even small changes in a GR subunit sequence can alter or abolish 
activity of the GR complex in response to certain nutrients (9, 12, 35). For 
B. thermoamylovorans, no specific response could be detected in any of the 
nutrient combinations tested. The genomic sequences of the germinant re-
ceptor operons showed intact genes with predicted binding sites for the 
SigG transcription factor, which typically regulates expression of GR genes 
(18), upstream of the tri-cistronic operons. Assuming that these genes are 
expressed during sporulation and that the GR proteins are functional in 
the spore, the specificity of the two GRs present in B. thermoamylovorans 
remains to be determined. 
All other key genes related to germination, including the spoVA operon 
(required for release of Ca-DPA from the core upon germination in B. sub-
tilis (42, 57)), as well as those encoding the cortex lytic enzymes, sleB and 
cwlJ, were found in all four strains (Table 1). The only gene that was miss-
ing was spoVAEa, but the absence of this gene is in fact not uncommon for 
spore-forming species of the Bacillales and Clostridiales orders (45). In B. sub-
tilis, deletion of spoVAEa has been associated with a slower nutrient- induced 
germination phenotype (45), but this fairly moderate decrease does not fully 
explain the dramatic loss in germination efficiency in B. thermoamylovorans 
(Figure 2). In contrast, some other spoVA genes, namely  spoVAC and spoVAD 
and spoVAEb, were found in multiple copies in the genomes (Table 1). The 
impact of this duplication is so far unclear, although it may alter the release 
of Ca-DPA from the spore core upon germination. On the whole, the poor 
nutrient germination response of B. thermoamylovorans cannot be linked 
directly to absence of key germination genes. Other explanations for the 
observed inefficient germination may be a weak penetration of nutrients 
through the coat layers, poor binding of nutrients to the GRs, lack of GR 
functionality or lack of adequate signal transduction downstream of the ger-
mination receptors (42, 57). 
Interestingly, despite very weak germination responses to nutrients, 
spores of all four B. thermoamylovorans strains germinated well in response 
to a non-nutrient germinant, namely, exogenous Ca-DPA. Ca-DPA is known 
to directly activate the cortex lytic enzyme CwlJ (40), which requires the 
GerQ protein for localization in the spore coat (46). CwlJ and GerQ have 
been shown to be essential for Ca-DPA-induced germination in B. subtilis 
and B. megaterium (40, 46, 56). Assuming that the germination process of 
spores of B. thermoamylovorans is similar to B. subtilis, our results suggest 
that B. thermoamylovorans nutrient germination is not impaired at the stage 
of peptidoglycan degradation and downstream events, but at the stage pre-
ceding cortex hydrolysis. However, a clear difference in germination effi-
ciency in response to Ca-DPA was observed between the strains, with ger-
mination of spores of B4064 and B4065 being highly efficient, and B4166 
and B4167 being moderately efficient.
Analysis of the four genomes revealed the presence of two cwlJ and 
gerQ genes in strains B4064 and B4065, and single cwlJ and gerQ genes in 
strains B4166 and B4167. CwlJ and CwlJ2 on the one hand, and GerQ and 
GerQ2 on the other hand displayed high amino-acid sequence similarity 
(Suppl. Figure 1), suggesting that both copies of each protein potentially 
play similar or identical roles in spore germination of strains B4064 and 
B4065. Spores of B4064 and B4065 showed higher germination efficien-
cies in response to Ca-DPA than spores of B4166 and B4167 (Table 1), but 
a direct link between the higher Ca-DPA germination efficiency in strains 
B4064 and B4065 than in strains B4166 and B4167 and the presence of 
two cwlJ and gerQ genes remains to be established.
Limited germination in response to nutrients has implications for counts 
obtained using standard plating techniques on rich media, as colony for-
mation from single spores relies on efficient germination of spores and 
subsequent outgrowth. We demonstrated that enumeration on BHI plates 
strongly underestimates the number of viable spores. More efficient ger-
mination was observed following non-nutrient germination in response to 
Ca-DPA. To establish heat resistance, spores were subjected to heat treat-
ments at 110°C and plated directly or after a Ca-DPA treatment. For all 
four strains, much higher recoveries were observed upon Ca-DPA expo-
sure compared with direct plating (up to 3.4 log higher counts for spores of 
strain B4065), and tailing effects were absent. Heating was also performed 
at 115°C and 120°C for strain B4064, and at these temperatures, similar 
effects were observed (see Figure 4). 
Interestingly, the differences in viable spore counts with or without Ca-
DPA exposure prior to plating were more prominent for strains B4064 and 
B4065, than for spores of strains B4166 and B4167. The latter two strains 
harbor only a single copy of the cwlJ and gerQ genes, and their spores 
showed less efficient germination with Ca-DPA than spores of strains 
B4064 and B4065, each harboring two cwlJ and gerQ genes (Figure 2). Fol-
lowing heating at 110°C, the differences in recoveries with and without 
Ca-DPA treatments were less prominent for the strains harboring the single 
cwlJ and gerQ copies, which is likely due to the fact that spore germina-
tion was not complete for these spores, even following Ca-DPA exposure 





































germination was not 100% after incubation for 3 hours with Ca-DPA (Fig-
ure 2), indicating that counts on plates might still be underestimated. 
B. thermoamylovorans was shown to produce highly heat resistant spores 
when compared to other spore-forming Bacillus spp. The decimal reduction 
times at 120°C (D120°C) were 1.9 ± 0.3 min and 1.3 ± 0.1 min for two inde-
pendent spore crops of strain B4064 (Suppl. Table 1) obtained with an addi-
tional Ca-DPA treatment prior to plating. This is comparable with reported 
D-values of B. subtilis strain A163, which is known to produce highly heat re-
sistant spores (D120°C of 1.8 ± 0.1 min and 1.6 ± 0.1 min) (4). The spore heat 
resistance of the B. thermoamylovorans strains is only slightly lower than that 
of B. sporothermodurans, which is known to survive UHT processing and has 
reported D120°C values of 2.25 min (27). When spores of strain B4064 were 
directly plated on BHI, a heat resistant fraction (tailing) was observed, with 
D120°C values of 2.9 ± 0.3 min and 2.7 ± 0.5 min (Suppl. Table 1). The calcu-
lated D140°C for spores of strain B4064, based on the inactivation data ob-
tained after plating preceded by a Ca-DPA treatment, was 2.3 s (upper 95% 
PI 5.0 s) which is very high, but still slightly below that of B. sporothermodu-
rans spores, with reported D140°C of 4.7 s and 5.0 s (27, 53). When comparing 
the heat resistance of spores of B. thermoamylovorans with spores of G. stea-
rothermophilus, the Dref of 1.4 minutes calculated for strain B4064 is lower 
than the D121.1°C of 3.3 minutes that has been reported for G. stearothermoph-
ilus based on literature data of 430 D-values of this species (49).
Based on the data obtained in this study, it can be concluded that the 
spores of B. thermoamylovorans are highly resistant, and are potentially able 
to survive UHT treatments. When conventional plating techniques are 
used to determine the initial spore concentration and to estimate spore 
heat resistance, it is likely that predictions are not accurate, especially for 
non-characterized species and strains. The lack of efficient nutrient ger-
mination of spores can lead to strong underestimations of counts, both of 
initial levels and of surviving spores after a heat treatment. When applied in 
a food processing setting, such large underestimations of the initial spore 
concentration can have detrimental effects on the safety boundaries of 
such processes. 
In summary, we have demonstrated that spores of B. thermoamylovorans 
do not germinate efficiently upon nutrient-induced germination, despite 
the presence of the genes encoding two GRs. Spore germination was trig-
gered upon exposure to Ca-DPA. Our results clearly show the importance 
of determining spore germination and outgrowth conditions prior to char-
acterization of spore properties, including heat resistance, to avoid strong 
underestimation of viable spores that fail to germinate in response to regu-
lar nutrient germinants. The improved estimations of spore heat resistance 
obtained in this study will aid efforts in the food processing environment 
towards better control of spores of B. thermoamylovorans and assuring ste-
rility of food products. 
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The thermophilic bacterium, Bacillus thermoamylovorans, produces highly heat re-
sistant spores that can contaminate food products, leading to their spoilage. Here, 
we present the whole genome sequences of four B. thermoamylovoras strains, iso-
lated from milk or acacia gum.
Genome announcement
Bacillus thermoamylovorans is a thermophilic, facultatively anaerobic, amy-
lolytic bacterium that was isolated from palm wine and characterized first in 
1995 (1). The species is being studied because of its ability to produce lactic 
acid (2) and a thermostable lipase (3) as well as to degrade sewage sludge 
(4) and plant biomass (5). The bacterium was also found to contaminate gel-
atin extracts6 (6) and has been isolated from dairy farms (7,8). B. thermoam-
lyovorans forms spores (7) that are highly heat resistance; these can survive 
preservation treatments that are commonly used by the food industry, and 
upon germination and outgrowth, this can lead to food spoilage (8,9).
Four strains of B. thermoamlyovorans, isolated from foodstuffs in which 
spoilage occurred, were subjected to next generation whole genome se-
quencing. The isolates were cultured overnight in brain heart infusion 
(BHI) broth (Difco) supplemented with vitamin B12 at 50°C with shaking 
(220 rpm). After being harvested, the cell pellets were resuspended in SET 
buffer (75mM NaCl; 25mM EDTA; 20mM Tris-HCl, pH 7.5). The cell sus-
pensions were treated with lysozyme (2 mg/ml) and RNase (0.4 mg/ml) at 
37°C for 30 minutes. Subsequently, the samples were incubated with pro-
teinase K (0.5 mg/ml) and SDS (final concentration 1%) at 55°C for 60 min-
utes. Genomic DNA was isolated from lysed cells by phenol-chloroform ex-
traction and precipitation with isopropanol and sodium acetate (300 mM). 
Precipitated DNA was dissolved in TE buffer. 
Nucleotide sequence accession numbers
The genome sequences of the four B. thermoamylovorans strains have been 
deposited as whole-genome shotgun projects at DDBJ/EMBL/GenBank 
under the accession numbers listed in Table 1.
Table 1. B. thermoamylovorans sequenced strains and their sources.
Strain no.* Source Accession no.
B4064 Acacia gum JXLR00000000
B4065 Acacia gum JXLS00000000
B4166 Milk JXLT00000000
B4167 Milk JXLU00000000
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Members of the Bacillus genus can respond to unfavorable environmen-
tal conditions such as low nutrient levels and high cellular concentrations 
by an array of survival strategies, including motility, genetic competence, 
biofilm formation, cannibalism or spore formation (1–3). These cellular dif-
ferentiation programs are coupled to each other, which can be manifested 
by their mutual exclusivity or occurrence in a sequential order. Sporulation, 
which is highly time- and energy-consuming (4), constitute the last resort 
survival strategy to starvation, leading to the formation of metabolically 
dormant (endo)spores (Figure 1), that represent one of the sturdiest known 
forms of life (5–7).
Because of their unique resistance and abundant occurrence in soil, 
spores easily contaminate natural materials and industrial facilities, includ-
ing the food production chain, from which they are difficult to eradicate 
(Figure 1) (8–10). This causes problems for the food industry, as food pro-
cessing treatments used are often insufficient for complete inactivation of 
contaminating spores. Despite dormancy, spores sense their environment 
and in response to specific triggers can restore vegetative growth via the 
processes of germination (11, 12) and outgrowth (13–15). If the revival of 
vegetative growth occurs in food, it can lead to its spoilage (Figure 1) and, 
in the case of pathogenic species such as B. cereus, spreading of foodborne 
diseases (16, 17).
Figure 1. Overview of research themes studied in Chapters 2 to 6 (Ch2-Ch6) of this thesis 
in the context of the Bacillus sporulation life cycle and its importance to the food indus-




















Diversity in sporulation and spore properties
This thesis focuses on diversity in sporulation (Chapter 2 and 3) and spore 
properties, in particular spore germination characteristics (Chapter 4-6). 
This diversity comprises both heterogeneity at the single cell level in mono-
clonal populations (Chapter 2) and variation between different species and 
strains (Chapter 3-6). Both single-cell heterogeneity as well as inter-strain 
and -species variation complicates prediction of the spore behavior and 
hinders standardization of the inactivation procedures applied by the food 
industry. Thus, to assess the extent and origin of the diversity in spore 
properties, research described in this thesis includes both a common lab-
oratory organism, B. subtilis 168 (Chapter 2-6), environmental isolates of 
B. subtilis (Chapter 4 and 5) and industrially-relevant food-spoilage isolates 
of B. subtilis (Chapter 3-5), B. amyloliquefaciens (Chapter 3) and B. thermoam-
ylovorans (Chapter 6).
Most of knowledge on sporulation and spore characteristics originates 
from studies performed on model laboratory strains (in particular the 
non-pathogenic soil-derived B. subtilis 168), which are relatively easy to 
work with due to the existance of well developed molecular and genetic 
manipulation tools. Yet, such strains have commonly lost some of their orig-
inal traits during the domestication process and cultivation under labora-
tory conditions (18–20). Moreover, they do not cover the genetic and phe-
notypic diversity encountered in nature and have distinct properties from 
environmental isolates, especially the ones derived from extreme environ-
ments or selected by industrial processes (Chapter 3-6). For this reason, the 
direct translation of knowledge from laboratory strains to natural or indus-
trially relevant isolates is often impossible, even within the same species. For 
instance, as indicated by expression data for eight strains from the B. sub-
tilis group, the food-spoilage isolates may have a different bias towards 
the individual lifestyles and survival strategies than the laboratory model 
strain 168 (Chapter 3), making an investigation of their adaptive responses 
other than sporulation an interesting subject for future investigation. The 
observed variation likely originates from the adaptation of individual strains 
and species to specific environmental conditions. Consistently, the largest 
differences were observed in transcription and presence of genes involved 
in responses to the surrounding (e.g., genes involved in the initiation of 
spore formation and other differentiation programs or triggering germina-
tion) and protection against the adverse conditions (e.g., genes involved in 
coat and cortex assembly or various resistance mechanisms) (Chapter 3). 
For the same reason, spore properties that allow for a reaction to the en-
vironmental factors such as germination and heat resistance are highly 
variable among different species and strains (Chapter 4-6) (21). Moreover, 
heterogeneity among individual genetically identical spores, which might 
be partly caused by stochastic fluctuations in gene expression, may also 
play an adaptive role as it increases chances of survival of a part of a pop-
ulation in a changeable and unpredictable environment (Chapter 2) (22).
Variation in spore germination
Spore germination phenotypes, on which a large part of this thesis is fo-
cused, show a huge inter-species and inter-strain variation (Chapter 4-6), 
which includes: i) the type of nutrient and non-nutrient germinants that 
spores are responsive to (Chapter 4-6) (23–26); ii) the required germinant 
concentration (Chapter 6) (27, 28); iii) the spore requirements for the prior 
heat-activation treatment that increases their responsiveness to nutrient 
germinants (Chapter 5) (29); iv) the germination efficiency reflected by a 
number of spores in a population that germinate upon exposure to a spe-
cific trigger (Chapter 4-6) (27, 28, 30–32); v) germination rate and kinetics 
(Chapter 4-6) (23, 27, 28, 30); and vi) the influence of general environmen-
tal/experimental conditions such as pH, temperature or salt concentra-
tion (Chapter 6 and unpublished data) (27). In some cases such as in the 
examples described below, the molecular bases of the phenotypic differ-
ences observed in germination of spores of different species and strains are 
(partly) known, while in others they still remain to be elucidated.
Presence and sequences of germinant receptor 
genes largely contribute to variation in spore 
germination responses to nutrients
The presence and sequences of germinant receptor complexes (GRs) con-
stitute important factors that vastly contribute to the differences in spore 
responsiveness to various nutrient germinants. GRs sense specific nutrient 
compounds and transfer a signal of unknown nature to the downstream 
germination effectors (33), in particular the SpoVA channel (34–36). GRs 
usually consist of three or four subunits (A, B, C and D), often encoded 
within one ger operon (37–39), with B subunits likely being responsible for 
germinant binding (26). Different species and strains contain various types 
and numbers of GRs, which vary in their substrate specificities and affini-
ties (23, 37, 38) as well as in heat-activation requirements and/or thermal 
stabilities (Chapter 5) (29). The individual GRs can interact with each other 
within the spore IM (40), showing synergism (41) and positive and negative 



















the spore-formers’ genomes. In B. megaterium, monocistronic loci encode 
orphan B subunits, which are able to interact with A and C subunits of other 
GRs, extending a range of germination-triggering nutrients (25, 26). In turn, 
some B. subtilis strains contain an operon encoding solely A and C GR sub-
units, carried on a transposon-like element (Chapter 4 and 5). Although the 
functionality of these products is questionable due to the truncations of 
their sequences (Chapter 4 and 5), it cannot be excluded that they affect 
spore germination, for instance by interfering with other GR complexes, un-
der specific, untested conditions.
Besides the presence of ger operons, specific amino-acid sequences of 
encoded subunits also affect GR specificity, affinity (Chapter 5) (26, 32, 
46–48) and likely heat-activation requirements and/or thermal stabili-
ties (Chapter 5). Various differences in the amino acid composition of the 
subunits of the GerA, GerB and GerK GRs of the 17 investigated B. subti-
lis strains correlated with their different responsiveness to L-alanine, the 
AGFK (L-asparagine, glucose, fructose and K⁺) co-germinant mixture (Chap-
ter 5) and the nutrient-rich LB medium (Chapter 4). This is coherent with 
previous studies that have shown that even a single point mutation can 
lead to changes in spore germination efficiencies, kinetics, sensitivity to 
germinants and requirements for positive cooperativity with other GRs in 
order to initiate germination (33, 42, 46–49). In another study on multi-
ple B. subtilis strains (28), the similar relatively high inter-strain variation 
in GerB protein sequences has been proposed to account for the diversity 
in spore responsiveness to AGFK (28). Consistently, our study revealed a 
lower conservation of the protein sequences for GerB and GerK than for 
GerA and less preserved ability for efficient germination in AGFK than in 
L-alanine (Chapter 5).
The GR protein sequences of the 17 B. subtilis strains also seem to affect 
the sensitivity of the specific spore germination pathways to heat (Chap-
ter 5). Differences in the GR amino-acid composition likely change the ef-
fect of different heat-activation conditions on spore germination with the 
specific nutrient triggers. Moreover, they may simultaneously lead to a 
lower activity of the thermostable variants of GRs when compared to the 
thermosensitive ones due to an increase in protein rigidity, as it has been 
observed for other types of proteins (50, 51). These potentially thermo- 
stabilizing substitutions occur more commonly in the B. subtilis strains that 
produce more heat resistant spores, suggesting co-evolution of these two 
features. Possibly, the increased level of spore heat resistance has allowed 
for the accumulation of mutations that increase the thermal stability of 
GRs (Chapter 5). Introduction of these substitutions to the genetically ac-
cessible strains, i.e., B. subtilis 168 wild type (wt) that produces low-level 
heat resistant spores and to its derivative B4417 (or 168HR) that produces 
high-level heat resistant spores (Chapter 4) (21) would allow for assessment 
of their potential effects on activities and thermal stabilities of the individ-
ual GR-mediated germination pathways.
Certain strains contain the ger operons that are weakly transcribed 
(Chapter 3 and 5) (33) and lack any detectable activity in the tested condi-
tions (Chapter 5 and 6) (28, 33). Potentially, due to the accumulated muta-
tions, such operons have (partly) lost functionality and hence, play at best 
a minor, auxiliary, role in spore germination. For instance, the tricistronic 
ynd operon is poorly expressed and is likely inactive in the laboratory strain 
B. subtilis 168 (33). However, this might not apply to certain foodborne 
strains, in which ynd is transcribed more strongly during sporulation and 
has slightly different sequences (Chapter 5). Thus, it would be interesting 
to verify if the putative Ynd GR of these strains has an ability to trigger 
germination, either independently or cooperatively with other GRs, as de-
scribed previously for Ynd in the closely related B. licheniformis (52). Further 
investigation is also required to (dis)proof functionality of GerA in B. subtilis 
B4067 and B4145, which produced spores irresponsive to L-alanine in our 
experimental conditions (Chapter 5), and of the two putative GRs in B. ther-
moamylovorans spores, which showed no responses to any of the tested nu-
trient mixes (Chapter 6). Similarly, it would be worth to investigate whether 
AGFK-induced germination observed for part (up to ~38%) of B4067 and 
B4145 spores is mediated by products of the gerB operon, which contains 
mutations that influence length and structure of the encoded proteins 
(Chapter 5). Alternatively, the GerK receptor of these strains could trigger 
germination independently or in cooperation with GerA instead of GerB.
Genes for CLEs likely contribute to variation in spore 
germination with the non-nutrient germinant, 
Ca-DPA
Besides GRs, also differences in presence and sequences of genes encoding 
other germination-related proteins can lead to diversity in spore germina-
tion phenotypes. For instance, the presence of a second copy of the cwlJ 
(cwlJ2) and gerQ (gerQ2) genes in two B. thermoamylovorans strains investi-
gated in this study is the most plausible reason for the observed two-fold 
stronger germination of their spores in the non-nutrient germinant, exog-
enous Ca-DPA, in comparison to spores of strains with only a single copy 
of cwlJ and gerQ (Chapter 6). The cwlJ gene encodes a cortex lytic enzyme 
(CLE) that is activated during the DPA passage from the spore core to the 
outside environment upon germination with nutrients (53). The GerQ pro-



















While species such as B. subtilis and B. cereus are known to contain a single 
copy of both cwlJ and gerQ, the presence of two copies of cwlJ, encoding 
CwlJ1 and CwlJ2, has been previously reported for B. anthracis (55, 56). In 
B. anthracis, the cwlJ2 gene is relatively poorly transcribed, lacks the accom-
panying gerQ2 gene and its effect on germination is predominantly visible 
in the ΔcwlJ1 ΔsleB mutant with a deletion of other CLEs (55, 56). It is pos-
sible that the simultaneous presence of cwlJ2 and gerQ2 is important for 
a more pronounced role of CwlJ2 in Ca-DPA-induced spore germination 
of B. thermoamylovorans. Development of tools for genetic manipulation 
of B. thermoamylovorans would allow to directly test this possibility, while 
transcriptomic data for all four genes would provide an additional indirect 
support. Moreover, investigation of differences in nutrient-induced spore 
germination for the B. thermoamylovorans strains containing one or two 
copies of cwlJ and gerQ would provide clues on the role of these genes 
in more physiologically-relevant conditions. Unfortunately, such analysis is 
currently hindered by a lack of known efficient nutrient germination trig-
gers for this species (Chapter 6).
The newly identified Tn1546 transposon and spoVA²mob 
operon constitute a common ground of variation 
in spore germination and heat resistance 
properties 
The spoVA²mob operon identified parallelly in two studies (Chapter 4) (21) 
via a gene-trait matching approach constitutes another factor that strongly 
contributes to the variation in several aspects of spore germination (Chap-
ter 4-6) and heat resistance (21). The name of this operon used here refers 
to its partial homology to the spoVA operon that is conserved among bacilli 
spore-formers (“spoVA²”) and to its location on the mobile genetic element 
(“mob”) (see below).
The spoVA²mob operon was initially found in ten food-spoilage isolates of 
B. subtilis as part of a Tn1546-like transposon element, which is absent in 
the common laboratory strain 168 (Chapter 4) (21). spoVA²mob is present in 
up to three copies in genomes of some B. subtilis strains: two copies on 
the two Tn1546 elements (integrated within the yitF gene and additionally 
between the yxjA and yxjB genes) and one Tn1546-independent copy in an 
unknown genomic context (21).
The presence of the Tn1546-like transposon and the spoVA²mob operon 
decreases the rates and efficiencies of nutrient-induced spore germina-
tion, measured as a decrease in optical density of spore suspensions or as a 
DPA release from spores upon germination (Chapter 4 and 5). Tn1546 and 
spoVA²mob also decrease spore responses to a non-nutrient germinant, the 
surfactant dodecylamine, while they have no visible effect on germination 
with exogenous Ca-DPA (Chapter 4). Moreover, as indicated by correlation, 
the spoVA²mob products likely increase spore heat-activation requirements 
for nutrient-induced germination (Chapter 5). Finally, the presence of this 
operon in B. subtilis strains leads to a strong increase in the heat resistance 
level of produced spores, when compared to spores of strains that do not 
contain spoVA²mob (21). 
The effects of spoVA²mob on nutrient-induced germination, spore heat- 
activation requirements (Chapter 5) and heat resistance properties (21) ap-
pear to increase with a higher copy number of spoVA²mob (and Tn1546).
Products of spoVA²mob seemingly affect Ca-DPA 
transport
The spoVA²mob operon carried on Tn1546 in certain B. subtilis strains con-
sists of seven genes (Figure 2A) that subsequently encode: i) a protein of 
unknown function containing a DUF1657 domain; ii) a putative lipoprotein 
with a YhcN/YlaJ domain; iii) SpoVAC²mob; iv) SpoVAD²mob; v) SpoVAEb²mob; 
vi) a second protein of unknown function with a DUF1657 domain; and 
vii) a protein of unknown function with DUF421 and DUF1657 domains 
(Chapter 4) (21). Three of these proteins, SpoVAC²mob, SpoVAD²mob and 
 SpoVAEb²mob, are homologous to SpoVAC, SpoVAD and SpoVAEb, respec-
tively, encoded on the core genome heptacistronic spoVA (spoVAA-spoVAB-
spoVAC-spoVAD-spoVAEb-spoVAEa-spoVAF) operon (Figure 2B), long known 
from the research on the laboratory model strain of B. subtilis (34, 57, 58). 
In contrast to spoVA²mob, the presence of the spoVA operon is conserved in 
spore-forming bacilli (11, 21, 59), which is in line with its essential role in 
spore formation (36). The products of the “regular” spoVA operon are re-
quired for the uptake of dipicolinic acid (DPA) to the forespore during spore 
formation, which is important for a dehydrated state of the spore core and 
spore resistance properties (36). Additionally, the operon plays a role in the 
release of DPA via the spore inner membrane (IM) upon germination with 
nutrients and dodecylamine (34, 35, 60–62).
The function of the individual products of the conserved spoVA operon 
is not fully understood. All of them are predicted or documented spore IM 
proteins, with SpoVAA, SpoVAC and SpoVAF having a proven localization 
in the IM and SpoVAD and SpoVAEb reportedly present on the IM outer 
surface (36, 62–65). SpoVAC likely acts as a main component of a mecha-
nosensitive channel in the spore IM; such channel may react to changes in 



















directly bind DPA (36). Mutations in any of its first five spoVA cistrons (Fig-
ure 2B) abolish DPA uptake and prevent completion of spore formation (36, 
62). In contrast, B. subtilis strains that lack SpoVAF or SpoVAEa and SpoVAF, 
encoded by the two final genes (Figure 2B), sporulate normally and produce 
spores with regular DPA levels (62). Still, their spores respond more slowly, 
exhibit longer Tlag between the addition of nutrients and the rapid DPA re-
lease and likely need more time for commitment upon germination with 
GR-dependent germinants, such as nutrients and high hydrostatic pressure 
(HHP) of ~150 MPa, when compared to wild-type spores (62). They also 
exhibit slightly slower germination with HHP of ~550 MPa, while their re-
sponses to dodecylamine are unaffected. Both HHP of 550 MPa and do-
decylamine trigger germination predominantly via the SpoVA channels (62).
SpoVAC²mob, SpoVAD²mob and SpoVAEb²mob encoded in the spoVA²mob op-
eron present on Tn1546 show 55%, 49%, and 59% of amino-acid sequence 
identity, respectively, to SpoVAC, SpoVAD and SpoVAEb encoded in the 
core genome spoVA operon (Figure 2) (Chapter 4 and 5) (21). This simi-
larity suggests a potential auxiliary role of the spoVA²mob products in DPA 
transport across the spore IM. Consistently with this hypothesis, spores of 
B. subtilis 168 with the Tn1546 element integrated within the native yitF lo-
cus (B4417 strain) or with spoVA²mob inserted in the ectopic amyE locus (168 
amyE::spoVA²mob strain) contain a 1.5-fold higher DPA concentration than 
wild-type 168 spores (21), indicating increased DPA transport to the spore 
during sporulation. The observed increase in heat resistance in spores of 
strains containing spoVA²mob may be (at least in part) directly caused by this 
higher core DPA content. Indeed, accumulation of DPA in the spore has 
been associated with a low core water content required for resistance of 
spores to wet heat (7, 66). Moreover, as spores with low DPA content are 
more susceptible to spontaneous germination in the absence of germinants 
(67, 68), it is possible that these higher DPA concentrations also directly 
lead to an increase in spore dormancy and stability.
In contrast to DPA uptake during sporulation, DPA efflux during germi-
nation with nutrients or dodecylamine was slower and/or less efficient for 
B4417 spores (1.5-2.1-fold less DPArelease/DPAtotal upon AGFK-induced ger-
mination) when compared to B4417ΔspoVA²mob, B4417ΔTn1546 and 168 
wt spores (Chapter 5 and unpublished data). Weaker responses to nutrient 
germinants were also observed for spores of strains that contain Tn1546 
and spoVA²mob when germination was measured as a loss of optical den-
sity (OD600), which corresponds to rehydration of spores (Chapter 4 and 5). 
These trends were visible both for intact spores and for spores that were 
subjected to coat removal prior to exposure to nutrients (Chapter 4). Op-
posite to nutrient- and dodecylamine-induced germination, the presence of 
Tn1546 and spoVA²mob did not visibly affect spore germination in response 
to exogenous Ca-DPA, which directly initiates cortex hydrolysis (69) (Chap-
ter 4). Altogether, these data suggest that despite causing a potential in-
crease in DPA uptake to the spore during sporulation (21), Tn1546 and 
 spoVA²mob have a negative impact on the DPA release and possibly other 
early aspects of germination, such as sensing nutrients by GRs or transfer of 
a signal from GRs to the SpoVA channel. In contrast, these genetic elements 
do not seem to significantly affect germination at the stages of the passage 
of nutrients through the spore coat (70) and during cortex hydrolysis (53).
The seemingly opposite effect of spoVA²mob on DPA transport across the 
(fore)spore IM during sporulation and germination suggests that these two 
processes have somewhat different molecular mechanisms and can be in-
fluenced differently by the same factors. Such differences may be related to 
the opposite direction of the DPA movement, distinct properties of the IM 
in the still immature forespores and in the mature dormant spores and/or 
a requirement for GRs in order to initiate DPA release during germination. 
Thus, the spoVA²mob products seem to support the DPA transport across the 
IM during sporulation, but not during germination. One possibility is that 
the spoVA²mob-encoded proteins build an alternative type of mechanosensi-
tive channels, which only transport DPA inwards during sporulation. During 
germination, these unidirectional channels would compete with the ”reg-
ular” SpoVA channels for DPA binding, ultimately hindering DPA release. 
In contrast to spoVA, the spoVA²mob operon does not encode homologs of 
 SpoVAEa and SpoVAF, which are reportedly important for GR-dependent 
spore germination (62). SpoVAF shows a significant sequence homology to 
the GR A subunits (57, 71), and thus might be involved in the interactions 
between the GRs and the IM channels. Therefore, the potential SpoVA²mob 
Figure 2. Comparison of the spoVA²mob operon from the Tn1546 transposon of certain B. 
subtilis strains (A) with the “regular” spoVA operon, conserved among spore-forming bacilli 
(B). Percentages of amino acid sequence identity (aa identity) between the three homolo-



















channels, lacking the SpoVAF counterpart, might be irresponsive to the ger-
mination signals sent by the GRs. Alternatively, the products of spoVA²mob 
could interact with the “regular” SpoVA proteins, forming hybrid channels 
that do not support DPA transport during germination, for instance due to 
an imbalance in the number of SpoVAC, SpoVAD and SpoVAEb subunits 
that are encoded in both operons and the number of the remaining sub-
units that are encoded solely on spoVA. Finally, as five of the spoVA²mob prod-
ucts (encoded by 2nd to 5th and 7th gene) are predictively associated with 
the spore IM, they could potentially affect the IM properties, which have 
previously been shown important for both the spore germination capacities 
and the levels of spore resistance to wet heat (72). As heat-activation of 
spores has been hypothesized to enhance germination by acting either on 
the spore IM, the GRs or both (Chapter 5) (29), an increase in spore heat-ac-
tivation requirements caused by spoVA²mob (Chapter 5) supports both the 
possibility that spoVA²mob alters the IM properties as well as the communi-
cation between the GRs and the DPA channels in the IM.
Next to the three SpoVA homologs, (some of) the four proteins of un-
known functions encoded on spoVA²mob could play a role in decreased 
spore germination. Unfortunately, as they do not share sequence homol-
ogy with any well-studied proteins, prediction of their biological functions 
is difficult. The products of the 1st and 6th gene that contain the DUF1657 
domain do not have any predicted membrane-bounding sequences and, 
hence, are likely cytosolic. The product of the 2nd gene is a predicted lipo-
protein attached to the IM by an added lipid anchor, similarly to the known 
 germination-related lipoproteins GerD and C subunits of GRs (64, 73). The 
product of the last, 7th, gene contains both the DUF1657 domain as well 
as the N-terminal DUF421 domain. According to a topology prediction by 
TOPCONS (74), this protein penetrates the (spore inner) membrane via three 
transmembrane (TM) helices localized within the initial ~80 amino-acids of 
DUF421, while the remaining part of the protein resides inside the IM. This 
predicted IM-associated localization of the putative lipoprotein and of the 
DUF421-DUF1657 protein encoded by the 2nd and 7th gene, respectively, 
could potentially enable these proteins a direct interaction with the IM- 
localized SpoVA channel, GerD and GR complexes. The forespore- specific 
synthesis has recently been confirmed for another DUF421- containing 
protein, YetF (75). As indicated by Conserved Domain Architecture Re-
trieval Tool (CDART, https://www.ncbi.nlm.nih.gov/Structure/lexington/
lexington.cgi?cmd=rps) (76), the predicted membrane-spanning DUF421 
domain can occur alone or be accompanied by other domains, such as PIN 
or domains involved in ligand/substrate-binding (such as HTH, NADB, zinc 
ribbon or periplasmic binding domains) in proteins that might participate 
in signaling, stress response, ligand translocation across the membrane or 
(transcriptional) regulation. In turn, the DUF1657 domain is found within 
proteins that contain predicted mechanosensitive ion channel domains, 
for instance in a putative potassium transporter. Thus, conceivably, the 
DUF421-DUF1657 integral membrane protein could function as a sensing 
or ligand-binding membrane component of a mechanosensitive channel 
with a role in DPA transport. Moreover, the DUF1567 domains of the cy-
tosolic products of the 1st and 6th gene of spoVA²mob could allow for interac-
tions between these proteins and DUF421-DUF1657. 
Indeed, deletion of the last, 7th, gene that encodes a protein with the 
DUF421 and DUF1567 domains from B4417 (B4417Δ2DUF) strain im-
proved spore germination, however to a lower extent than deletion of the 
whole spoVA²mob operon (Chapter 4). Moreover, deletion of this gene has 
been shown to abolish high-level heat resistance of spores, although its 
sole insertion without the first six genes of spoVA²mob has not rendered high-
level heat resistant spores (21). Altogether, these data suggest that the last 
gene of the spoVA²mob operon may play a role in decreased spore germina-
tion and especially in elevated spore heat resistance. However, other fac-
tors encoded on spoVA²mob, and possibly also on other operons of Tn1546, 
are required for the maximal expression of these phenotypes.
Analysis of the effects of deletions of single genes of the spoVA²mob operon 
on spore germination in response to different nutrients, dodecylamine and 
HHP, which can trigger germination response either via GRs or the SpoVA 
channels (62), and on spore heat resistance could reveal which of these 
genes are predominantly involved in the alternation of these spore proper-
ties. Moreover, sporulation assays should be performed on B4417 and of 
B. subtilis 168 amyE::spoVA²mob strains with a deletion of the core genome 
spoVA operon. Such experiments would establish whether the  spoVA²mob op-
eron on its own is sufficient for completion of sporulation and accumulation 
of the adequate spore core levels of DPA. Sufficiency of  spoVA²mob for the 
formation of viable, dormant and resistant spores would indicate that its 
products are able to form self-sufficient channels in the spore IM, which 
are independent of the “regular” SpoVA proteins. Moreover, germination 
assays performed on spores produced by the strains that contain spoVA²mob, 
but lack spoVA, would uncover if the spoVA²mob operon alone is capable of 
triggering spore germination responses. It is an especially interesting ques-
tion, taking into account that the spoVA²mob operon does not encode homo-
logs for four of the spoVA genes, including spoVAEa and spoVAF with proven 
roles in germination (62). Finally, comparison of the effects of the spoVA²mob 
operon in the ΔspoVA background on DNA uptake during sporulation and 
release during germination could provide data on molecular differences dis-



















Bacillaceae contain up to three types of the spoVA-
like operons 
A previous phylogenetic study (21) revealed the existence of up to three 
types of spoVA-like operons, which belong to two different phylogenetic 
groups, among 103 spore-forming Bacillaceae. The first phylogenetically 
separate type constitutes the conserved “regular” spoVA operon with seven 
genes ranging from spoVAA to spoVAF, described above and studied in de-
tail in B. subtilis (Figure 2B) (34, 36, 61, 62). The second and third type com-
prise spoVA² and the described-above spoVA²mob that belong to the same 
phylogenetic group and both contain the same four genes of unknown 
function and three orthologs of spoVAC, spoVAD and spoVAEb (Figure 2A) 
(Chapter 4) (21). In contrast to spoVA²mob, which is present specifically on 
mobile genetic elements, such as the Tn1546 transposon, the spoVA² occurs 
as a part of the core genome (21). 
Conserved “regular” spoVA (11, 59) is present in the all analyzed Bacilla-
ceae strains (21). Although certain species, i.e., B. thermoamylovorans (Chap-
ter 6), Bacillus sporothermodurans and Geobacillus debilis, have lost 3 to 6 of 
the spoVA genes (always with an exception of germination-involved spoVAF) 
(21); the effects of such loss might be complemented by the presence of the 
spoVA² and/or spoVA²mob operons in their genomes. Consistently, spoVA² has 
been found in all analyzed species (B. thermoamylovorans, B. sporothermodu-
rans, Geobacillus spp., Anoxibacillus flavithermus and B. cereus) except for the 
B. subtilis group (B. subtilis, B. licheniformis and B. amyloliquefaciens) (21).
The spoVA²mob operon has been proposed to originate from the duplica-
tion of chromosomally-located spoVA² onto the pXOI-like plasmid of some 
B. cereus strains, which also contains the Tn1546 transposon (21). Subse-
quently, it has been hypothesized to be able to spread by horizontal gene 
transfer to other species, including part of the analyzed B. subtilis, B. amylo-
liquefaciens (containing 1-3 copies of spoVA²mob) and B. licheniformis (1 copy) 
strains, B. thermoamylovorans (1 complete and 1 incomplete copy) and 
B. sporothermodurans (1 copy) (21).
All analyzed strains contain at least one copy of spoVAC-, spoVAD-, 
 spoVAEb- and spoVAF-type genes, encoded on spoVA, spoVA² and/or 
 spoVA²mob (21). Moreover, a vast majority of them (all except G. debilis) con-
tain also genes coding for SpoVAA and SpoVAB within the spoVA operon. 
Thus, these genes seem to be crucial for DPA uptake and spore formation 
and in the case of spoVAF and possibly spoVAA and spoVAB—(also) for DPA 
release during germination (62). Analysis of sporulation and germination of 
G. debilis could provide clues about potential adjustments in DPA transport 
that compensate for the absence of spoVAA and spoVAB, which in B. subtilis 
are required for sporulation (36, 62).
Effects of spoVA²mob on spore germination and heat-resistance observed 
in B. subtilis (Chapter 3 and 4) (21) are likely universal across different spe-
cies. Thus, the presence of the two spoVA²mob operons, next to an incomplete 
spoVA (spoVAA-VAB-VAF) and spoVA² (21), likely accounts for the exception-
ally weak germination of B. thermoamylovorans spores in response to nutri-
ent triggers (up to ~2-15% germinated spores) despite the presence of two 
complete GR operons (Chapter 6). Consistently, these spores exhibited also 
high-level heat resistance (Chapter 6). Similarly, B. amyloliquefaciens B425 
that contains spoVA²mob and produces high-level heat resistant spores (21, 
77) exhibits relatively weak spore germination with nutrients (unpublished 
data). Finally, preliminary data suggest that insertion of  spoVA²mob cloned 
from B. licheniformis and B. amyloliquefaciens strains into the B. subtilis 168 
amyE locus leads to a decrease in spore germination (unpublished data), 
similarly as in the case of insertion of spoVA²mob cloned from the B. subti-
lis B4067 food isolate (Chapter 4). Future work should study the effect of 
spoVA²mob on spore properties in B. cereus, which constitutes a problematic 
pathogen causing foodborne diseases, is phylogenetically distant from the 
B. subtilis group (78) and predominantly produces low-level heat resistant 
spores (79). Moreover, an impact of the spoVA² operon, which has a com-
parable composition and structure as spoVA²mob but the chromosomal loca-
tion (21), on spore germination and heat resistance should be investigated. 
spoVA² has been found in a majority of tested species (21), including ones 
that form low-level heat resistant (79) and efficiently germinating spores 
(23, 27, 80). Hence, such analysis could reveal differences (and their origin) 
in roles of spoVA² and spoVA²mob in shaping spore properties. Potentially, the 
genetic context of the spoVA²mob operon may play a role in the development 
of poor spore germination and high-level heat resistance phenotypes. In-
deed, a possible impact of the genetic location is in line with the weaker 
phenotypic effects of the spoVA²mob operon integrated alone in the ectopic 
amyE locus then of the spoVA²mob present within the Tn1546 element in the 
native yitF locus (Chapter 4) (21).
Spore heat resistance, germination and heat-
activation requirements are inter-connected
The results presented in this thesis (Chapter 4-6) combined with studies 
on spore heat resistance (21, 77) indicate that the spoVA²mob operon con-
stitutes a clear genetic link between high-level spore heat resistance, high 
spore heat-activation requirements and lower rates and efficiencies of 
spore germination. All these spore characteristics could improve survival 



















environments. It still remains to be elucidated if exactly the same (combina-
tions of) genes encoded on spoVA²mob and the same molecular mechanisms 
equally contribute to the alternations in all of these spore characteristics. Cer-
tain mechanistic differences appear plausible considering a potential require-
ment of the last gene of spoVA²mob for the high-level heat resistance (21) and a 
rather weak effect of its deletion on the spore germination rates (Chapter 4). 
An anti-correlation between the spore heat resistance levels and germi-
nation rates and efficiencies has been also observed for spores of strains 
that lack the spoVA²mob operon (81–83). For instance, conditions during 
sporulation that lead to elevated levels of spore heat resistance, possibly by 
altering the IM properties (82), simultaneously negatively influence spore 
germination (81, 82). Moreover, superdormancy (SD) of spores of the lab-
oratory strains of B. subtilis, B. cereus and B. megaterium has been shown 
to coincide with their higher heat resistance levels and heat-activation re-
quirements (83). The superdormant (SD) spores reportedly have lower core 
water content (83), which is a known factor playing a role in spore resistance 
to wet heat (7), the different spore core environment of DPA (83) and lower 
protein levels of the specific GRs (84) than the dormant spores. It would 
be interesting to elucidate whether the mechanisms of increased heat re-
sistance and decreased germination responses in (superdormant) spores 
that do not contain spoVA²mob are analogous to the action of the spoVA²mob 
operon in Tn1546-harboring strains tested in our study (Chapter 4 and 5).
Candidate factors that possibly contribute to 
variation in spore germination
Other, still unidentified factors are likely also involved in the determina-
tion of spore germination behavior and variation therein. For instance, a 
deletion of the entire Tn1546 transposon from B4417 spores increased 
spore germination rates under certain conditions to a somewhat stronger 
level than a deletion of the single spoVA²mob operon (Chapter 4), suggesting 
that some of the remaining four operons of Tn1546 might contribute to 
the slowdown of spore germination. All of the genes carried on Tn1546, 
except for the fourth operon with the split, rather inactive yetF gene were 
expressed during spore formation (Chapter 3 and 4), thereby potentially 
affecting spore properties. However, individual deletions of these operons 
from the B4417 strain and their insertion in the amyE locus in B. subtilis 168 
did not have a significant effect on spore germination, suggesting that their 
effects, if any, are only auxiliary to the role of the spoVA²mob operon. Investi-
gation of double deletion strains may reveal a potentially supporting role of 
operons 1, 2 or 5 of Tn1546.
Notably, GerA-mediated germination of B4417ΔTn spores was seem-
ingly weaker than germination of B. subtilis 168 spores, indicating an effect 
of the genomic differences in the 100 kb chromosomal region between the 
yitB and metC genes (Chapter 4). Next to the presence of Tn1546, multiple 
single nucleotide polymorphisms (SNPs) distinguish the yitB-metC genomic 
region of B. subtilis 168 (85) and B4417; these SNPs are a result of the 
transduction method used for DNA transfer from the food isolate B4067 
to 168 during creation of B4417 (Chapter 4) (21). Some of the SNPs led 
to truncations of genes encoded in this chromosomal region due to the 
frameshifts and nonsense mutations. Genes whose functionality might be 
abolished or compromised due to SNPs in the B4417 strain include yitB, 
yitG, yitL and prpE. Moreover, in contrast to B. subtilis 168, the appA gene 
in B4417 is intact and likely active. Out of these genes yitB, yitG, prpE and 
appA are expressed during spore formation (86). While the yitG deletion 
did not affect spore germination behavior (Chapter 4) and the active appA 
gene, encoding a subunit of the oligopeptide ABC transporter, rather af-
fects sporulation initiation than spore germination (87, 88), a putative role 
of σK-controlled yitB (89, 90) and of prpE in spore germination is worth fur-
ther investigation. Especially, prpE that encodes a protein tyrosine phos-
phatase, has been previously suggested to weaken GR-mediated germina-
tion (especially via GerA) by decreasing gerA and gerK transcriptional levels 
(91). An effect of prpE on expression levels of the ger operons has been later 
contradicted (92). Yet, a described phenotype (91) is in line with weaker 
GerA-mediated germination of B4417ΔTn spores when compared to 168 
wt (Chapter 4) and with the lack of responses to L-alanine that was ob-
served for spores of B4067 isolate despite the regular gerA expression lev-
els in this strain (Chapter 5).
In addition to Tn1546, the presence of another group of genes in four 
operons (encoding a putative AzlC-like permease, a putative transcriptional 
regulator, a hypothetical protein, a predicted O-acetylhomoserine sulfhy-
drylase and a predicted fatty acid desaturase) correlated with slow spore 
germination (Chapter 4). Although insertions of single operons or pairs of 
these operons into the B. subtilis 168 amyE locus did not alter spore ger-
mination behavior (Chapter 4), it cannot be excluded that the presence of 
all these genes simultaneously or in the native genomic context might be 
required for the development of the phenotype. Moreover, other genes 
whose presence or absence correlated with a specific germination pheno-
type (slow/fast) (Chapter 4 and unpublished data), indicated by the Pheno-
link software (93), such as the yfkRST putative GR operon (33) or the pks 




















Differences in expression of germination genes 
during sporulation may lead to single-spore 
heterogeneity in spore properties
Germination behavior differs not only between the spores produced by 
distinct bacterial strains and species but also between single spores in ge-
netically identical populations. Especially the time (Tlag) between the ad-
dition of germinants and the fast Ca-DPA release is strongly variable be-
tween individual spores (95). The reasons for this variability are currently 
not well understood. It has been hypothesized that stochastic fluctuations 
in the expression of germination genes, especially the ger operons, which 
are dependent on the SpoVT and YlyA transcriptional regulators (96, 97), 
may be a contributing factor. However, this hypothesis has been contra-
dicted by the finding that the heterogeneity in times required for germina-
tion of individual spores is unaffected by the changes in the ger expression 
levels (98). On the other hand, low levels of GRs have been associated 
with spore superdormancy to specific nutrients (84). Finally, the numbers 
of “activated” GRs and/or “SpoVA” channels, which are only partly coupled 
to the expression levels of the respective genes, may vary among the indi-
vidual spores, reaching a threshold level required for germination only in 
some of them (61, 95).
In this work, we investigated heterogeneity in expression of various 
 sporulation-specific genes, including multiple genes involved in germina-
tion such as gerA, cwlJ, sleB, spoVA, gerP, gerE (Chapter 2), gerK and spoVT 
(unpublished data). None of these genes showed a bistable expression pat-
tern (low and high or off and on) in single sporulating cells. Yet, a certain vari-
ation in the continuously-distributed expression levels during sporulation 
was observed for almost all of these genes (Chapter 2). Lower expression 
levels appeared to be more common among cells that showed hallmarks of 
sporulation at a late time of microscopic observation and that lysed before 
completion of spore formation, presumably due to decreased cell viability 
(Chapter 2). It remains to be elucidated if the low expression levels in a 
subpopulation of cells that succeeded in spore formation correlate with the 
less efficient germination of the produced spores. This potential correlation 
could theoretically be caused by the lower level of a specific germination 
protein or be related to low fitness levels of spores that were produced by 
less viable cells. Unfortunately, in our time-lapse microscopy set-up (Chap-
ter 2)(99), we were unable to assess germination behavior of the produced 
spores due to an inability to add germinants to the sealed microscopic slides. 
Possibly, use of another experimental set-up, for instance a microfluidic de-
vice (100, 101), would enable linking sporulation behavior and sporulation 
gene expression with the germination characteristics of produced spores.
Differences in expression of the spoVA²mob operon (Chapter 4 and 5) (21) 
among individual sporulating cells of spoVA²mob-harbouring strains could 
theoretically further increase single-spore heterogeneity in germination 
and heat resistant properties. Consistently, the preliminary time-lapse mi-
croscopic observation suggested the more broad distribution in times re-
quired for germination (transition from phase-bright to phase-dark spores) 
among the individual B4417 spores than for B4417ΔTn, B4417ΔspoVA²mob 
and 168 wt (unpublished data), with more B4417 spores remaining dormant 
throughout the course of the experiment. Thus, the presence of spoVA²mob 
could potentially increase the fraction of superdormant spores in a spore 
population. These hypotheses could be verified by analysis of  spoVA²mob ex-
pression on a transcriptional and post-transcriptional level and coupling it 
to the germination behavior of the individual spores. 
Practical importance of this study for the food 
industry
The diversity in sporulation (Chapter 3) and spore properties (Chapter 4-6) 
described in this thesis underlines the importance of extending research 
from laboratory strains to natural and industrial isolates and of studying 
multiple strains in order to assess phenotypic and molecular variation in 
the investigated processes (Chapter 3-6). Especially, spore-formers isolated 
from environments in which they experience extreme conditions such as 
hot springs, deserts or foods subjected to processing and preservation 
treatments, which likely select for spores with specific properties, can pro-
vide valuable data on the adaptations of spore-formers to specific ecologi-
cal niches. Coupling genomic and transcriptomic data to various phenotypic 
traits for multiple relatively closely related strains can elucidate the molec-
ular bases of the observed inter-strain differences, similarly as in the case of 
the gene-trait matching approach used in this work (Chapter 4).
The observed diversity in spore properties poses problems for the stan-
dardization of food safety and risk assessment procedures. Plating methods 
that are often used for enumeration of spores in the food industry rely on the 
efficient spore germination, outgrowth and vegetative growth, needed for 
the colony formation. Therefore, the large inter-strain variation in the spore 
germination requirements underlines an importance of the use of strain- 
optimized germination and growth conditions when assessing spore counts 
by the plating methods. In particular, problematic, highly heat resistant spores 
tend to exhibit weak germination responses to common nutrient germinants 
(Chapter 4-6). Consequently, use of non-optimal germination conditions can 



















inaccurate assessment of their heat resistance properties (Chapter 6). These 
problems can be (partly) overcome by use of optimal strain-adjusted heat- 
activation treatments (Chapter 5) and/or alternative (combinations of) ger-
minants such as Ca-DPA (Chapter 6) at the right concentrations. Importantly, 
the chosen conditions must also support the subsequent stages important 
for colony formation i.e., outgrowth and vegetative growth.
An identification of the spoVA²mob operon (Chapter 4) (21) provides an ex-
planation for part of the variation in spore germination and heat resistance 
that has been previously observed for other strains, including food spoilage 
isolates (Chapter 6) (20, 32, 77). For instance, the presence of  spoVA²mob likely 
accounts for the differences in spore germination rates observed among 
46 strains of B. licheniformis that could not be formerly explained solely 
based on the GR amino-acid composition (32). Moreover, it allows for use of 
quantitative real-time PCR (qPCR) with the specific primers binding within 
 spoVA²mob for detection of spores with high-level heat resistance and slow 
germination characteristics, facilitating spore control and risk assessment in 
the industrial settings. Finally, a clear genetic link between spore heat resis-
tance, germination and spore requirements for heat- activation needs to be 
considered when developing proper spore inactivation treatments as high 
temperatures used for spore inactivation may instead activate high-level heat 
resistant spores, facilitating their germination and subsequent food spoilage.
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Bacteriën kunnen zich snel aanpassen aan veranderende en ongunstige 
omgevingscondities door een scala aan overlevingsmechanismen. Een laat-
ste overlevingsstrategie gebruikt door sommige Bacilli en Clostridia om uit-
hongering te overleven is sporulatie. Sporulatie leidt tot de vorming van 
metabool inactieve (endo)sporen, een van de meest geharde levensvormen 
die extreme aardse omgevingen, condities in de ruimte of voedsel sterili-
satie behandelingen kunnen weerstaan. Ondanks hun metabolische inac-
tiviteit zijn sporen in staat hun omgeving waar te nemen en als respons op 
specifieke factoren (‘germinants’) kunnen ze vegetatieve groei hervatten via 
germinatie en uitgroei.
Sporen die overvloedig aanwezig zijn in de grond kunnen makkelijk 
de voedselproductie keten besmetten, omdat voedsel behandelingsme-
thoden niet voldoende zijn voor volledige inactivatie van besmettende 
sporen. Als gevolg hiervan kunnen sporen germineren en uitgroeien in 
voedsel, wat leidt tot voedselbederf en in sommige gevallen voedsel ge-
relateerde ziektes. 
Het vermogen om sporen te beheersen en/of hun gedrag te voorspellen 
in de voedselproductie keten zou de voedselveiligheid sterk verbeteren en 
economisch verlies in de voedselindustrie voorkomen. Echter zijn deze doe-
len lastig te verwezelijken vanwege de enorme diversiteit in fenotypische 
eigenschappen van sporen, zoals resistentie, germinatie, en uitgroei karak-
teristieken. Deze diversiteit manifesteert zich niet alleen in verschillen tus-
sen soorten, maar ook binnen dezelfde stam kan variëteit en heterogeniteit 
op het niveau van individuele cellen/sporen optreden. In het werk gedaan 
in dit proefschrift ligt de nadruk op deze twee diversiteit gerelateerde fe-
nomenen, namelijk heterogeniteit en inter-stam variatie in spore formatie 
en germinatie fenotypes, met als doel de identificatie van de genetische 
oorzaak hiervan. Het beschreven onderzoek is gedaan op de laboratorium 
stam B. subtilis 168 (Hoofdstuk 2) en op isolaten van B. subtilis (Hoofd-
stuk 3, 4, 5), en B. amyloliquefaciens die voedselbederf kunnen veroorzaken 
(Hoofdstuk 6, Hoofdstuk 6 Addendum).
In Hoofdstuk 2 wordt fluorescentie time-lapse microscopie gebruikt 
om heterogeniteit in sporulatie gedrag en expressie van een selectie van 
sporulatie genen in individuele monoklonale cellen van B. subtilis 168 te be-
studeren. De analyse hiervan onthulde het bestaan van twee verschillende 
subpopulaties van sporulerende cellen: een subpopulatie die uiteindelijk 
sporulatie voltooide, terwijl de andere lyseerde voordat dit ontwikkelings-
programma voltooid was. Dit “sporulatie lyse” fenotype werd vaker geob-
serveerd voor cellen die relatief laat met spore formatie begonnen verge-
leken met de globale populatie. Bovendien werden al in vroege sporulatie 
stadia verschillende transcriptiepatronen waargenomen voor beide subpo-
















van de cellen, die waarschijnlijk gekoppeld is aan algemene fitheid van de 
cel of aan het energieniveau. 
In Hoofdstuk 3 werd totale RNA sequencing gebruikt om genexpressie 
tijdens sporulatie te vergelijken op populatieniveau van de model laborato-
rium stam B. subtilis 168, de zes B. subtilis stammen geïsoleerd uit voedsel 
en de nauw verwante B. amyloliquefaciens. Transcriptie van bekende spor-
ulatiegenen was meestal vergelijkbaar in alle geanalyseerde stammen, wat 
een hoge mate van behoud van sporulatie genexpressie netwerken tussen 
de individuele stammen en de twee soorten indiceert. Daarom is het waar-
schijnlijk dat verschillen in spore eigenschappen tussen deze stammen vero-
orzaakt wordt door de aanwezigheid of sequenties van specifieke sporu-
latie gerelateerde genen, in plaats van verschillen in transcriptioneel gedrag. 
Tenslotte hebben we in de Hoofdstukken 4-6 variatie in spore germi-
natie fenotypes tussen de verschillende stammen van B. subtilis (Hoofd-
stukken 4 en 5) en B. thermoamylovorans (Hoofdstuk 6) geanalyseerd. Door 
het gebruik van gen-eigenschap koppeling hebben we een specifiek op-
eron (spoVA²mob), wat ligt op het Tn1546 transposon, geïdentificeerd als een 
genetische oorzaak van lagere spore germinatie snelheden en efficiëntie 
in sommige van de geteste B. subtilis stammen (Hoofdsuk 4). Bovendien 
hebben we in Hoofdstuk 5 laten zien dat ditzelfde operon hitte activatie 
verhoogd. Eerder was al gerapporteerd dat dit operon ook een rol speelt 
bij hogere hitte resistentie van sporen. Daarom geeft spoVA²mob een directe 
link tussen hoge hitte resistentie, lage germinatie en hogere hitte activatie 
weer, en vormt het een van de genetische bronnen van inter-stam variatie 
in spore eigenschappen. Naast spoVA²mob Lijken de spore germinatie reac-
ties en hitte activaterende eigenschappen beïnvloed te worden door se-
quenties in de germinatie receptor eiwitten (Hoofdstuk 5). 
In Hoofdstuk 6 lieten we zien dat sporen van vier B. thermoamylovo-
rans stammen bijna niet germineren met nutrienten en relatief gemakke-
lijk met een niet nutrient germinant: exogeen Ca-DPA. De hogere germi-
natie efficiëntie met Ca-DPA geobserveerd voor twee van de vier geteste 
B. thermoamylovorans stammen correleerde met de aanwezigheid van extra 
kopieën van de cwlJ en gerQ genen in het genoom. Daarentegen kan de 
zwakke spore respons op nutrienten die bij alle vier de stammen gezien 
werd, veroorzaakt worden door de homologen van de spoVA²mob producten 
die gecodeerd zijn in de vier B. thermoamylovorans genomen.
De diversiteit beschreven in dit proefschrift onderstreept het belang van 
het uitbreiden van onderzoek van laboratorium stammen naar natuurlijke 
en industriële isolaten, en het bestuderen van meerdere stammen om feno-
typische en moleculaire variatie in de bestudeerde processen in te schatten. 
De geobserveerde variatie vormt een probleem voor de standaardisatie 
van voedselveiligheid en de risico inschattingsprocedures. Het laat ook het 
belang zien van stam-optimalisatie van germinatie (bijv. germinatie signalen, 
en hitte activatie behandelingen) en groei condities in het beoordelen van 
spore tellingen in voedsel monsters die gebaseerd zijn op kolonie formatie. 
Bovendien verklaart identificatie van het spoVA²mob operon de variatie in 
spore germinatie en hitte resistentie die eerder gerapporteerd werd voor 
sommige voedselbederf isolaten. Het maakt ook de detectie van sporen 
met hoge hitte resistentie en langzame germinatie karakteristieken mo-
gelijk, wat spore beheersing en risico inschatting in industriële omgevingen 
faciliteert. Ten slotte moet er rekening gehouden worden met een duideli-
jke link tussen spore hitte resistentie, germinatie en spore hitte activatie 
bij de ontwikkeling van de juiste spore inactivatie behandelingen. Dit om-
dat hoge temperaturen gebruikt voor spore inactivatie juist hoog hitte re-
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